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Abstract: Potential flank eruptions at the presently active Villarrica, Southern Andes Volcanic Zone
(33.3-46 °S) require the drawing of a comprehensive scenario of eruptive style dynamics, which
partially depends on the degassing process. The case we consider in this study is from the Los
Nevados Subgroup 2 (LNG2) and constitutes post-glacial minor eruptive centers (MECs) of basaltic—
andesitic and basaltic composition, associated with the northeastern Villarrica flank. Petrological
studies of the melt inclusions volatile content in olivine determined the pre-eruptive conditions
of the shallow magma feeding system (<249 Mpa saturation pressure, 927-1201 °C). The volatile
saturation model on “pressure-dependent” volatile species, measured by Fourier Transform Infrared
Microspectrometry (FTIR) (HO of 0.4-3.0 wt.% and CO; of 114-1586 ppm) and electron microprobe
(EMP), revealed that fast cooling pyroclasts like vesicular scoria preserve a ~1.5 times larger amount
of CO;y, S, Cl, and volatile species contained in melt inclusions from primitive olivine (Foyg_g¢).
Evidence from geological mapping and drone surveys demonstrated the eruption chronology and
spatial changes in eruption style from all the local vents along a N45° corridor. The mechanism by
which LNG2 is degassed plays a critical role in increasing the explosivity uphill on the Villarrica flank
from volcanic vents in the NE sector (<9 km minimum saturation depth) to the SW sector (<8.1 km),
where many crystalline ballistic bombs were expulsed, rather than vesicular and spatter scoria.

Keywords: eruptive style; volatiles; Villarrica; melt inclusion; Los Nevados group

1. Introduction

The Southern Andes Volcanic Zone (ZVS) extends from 33 to 46 °S [1]. Stratovolcanoes
and numerous minor eruptive centers are characteristic of this area. The Los Nevados
Group (LNG) adventitious eruptive centers have been defined as a set of volcanic cones
and lavas of andesitic-basaltic composition, associated with the northeastern flank of the
Villarrica volcano [2,3] (Figure 1a).

Adventitious eruptive centers can share the same stratovolcano magmatic reservoir
with which they are associated and are commonly related to the concept of monogenetic
volcanism [4]. Although it has been postulated that monogenetic volcanism occurs during
a single eruptive cycle, more recent studies ([5], references therein) have indicated that
the eruptive history may be more complex. The variability in its formation could indicate
changes in magmatic conditions, resulting in modifications in the eruptive style and,
consequently, in volcanic hazard conditions, which require attention in the case of the
populated area of Pucén (Araucania, Central Chile; Figure 1a).
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Figure 1. Geographical location of Villarrica volcano and Los Nevados Group. (a) Location of Villarrica volcano and

distribution of the lithological limits from Los Nevados Group (see Legend). The blue polygons in the image correspond to

the study area from Los Nevados Group (Subgroups 1 and 2) and the red dotted line to structure lineations adapted from [3]

which were redrawn approximatively and projected in ArcMap 9.3 (ArcGIS software from ESRI). Digital elevation model
(DEM) of 12.5 m resolution (DEM ALOS-PALSAR; https:/ /vertex.daac.asf.alaska.edu, accessed on 11 December 2018).
Structure lineations VLVC stands for Villarrica-Lanin Volcanic Chain and LOFZ for Liquifie-Ofqui Fault Zone. (b) Location

of emission centers on satellite view with sampling sites (red dots) and lithological contacts from [3]. The blue polygon is

Los Nevados Subgroup 2 from the study area. Drone survey taking off site is represented by the red star. (c) Specific views
of CEM #HLN2A9 from the Drone taking off site. (d) Specific views of CEM #HLN2AG®6 taken from the ground. Photograph

courtesy of A. Sancho.

Scoria or cinder cones are generally the product of moderately explosive eruptive
styles, such as Hawaiians, Strombolians, violent Strombolians, and sometimes
sub-Plinians [6,7]. The degassing regimes strongly govern eruptive style and building of
volcanic cones because the intensity and dynamic of magma ascent is coupled with the
characteristics of the system degassing [8]. The pre-eruptive parameters that control the ex-
plosive character of such volcanism also include the magmatic ascent rates [9], the magma
composition, and the depth of magma transport, among others ([7], references therein).

To understand degassing regimes, the identification of magmatic volatile components
and measuring their concentration is crucial, because the system pressure closely depends
on the concentration of a gas dissolved in the magma. Given their incidence in pre-eruptive
physical processes, magmatic volatiles induce variations on eruptive style, and also the
frequency and intensity of magmatic processes [10-12]. Major volatile components that are
significant in magmatic systems and preserved in melt inclusions (MIs) include H,O and
COy, along with S, Cl, and F [12-15].
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At Villarrica, the area covered by Los Nevados Subgroup 2 (LNG2) represents the
most challenging site to study the relationships between degassing processes and eruptive
styles. Despite the distance from the central active craters of Villarrica (5.5 km NE), it is
still not clear how those volcanic centers may have been formed on the flanks from the
stratovolcano and how their feeding magma differs in composition [16,17]. Pyroclasts
and lava cover are observed downhill of the sector of Los Nevados reaching 11 km in
length, which is particularly of concern for characterizing the scenario of eventual volcanic
activity (Figure 1a). LNG2 represents the series of volcanic cones with the youngest ages
from Los Nevados Group (Figure 1b), and their morphologies are well preserved because
they represent post-glacial ages [2,3] (Figure 1c,d). Most of all, the volcanic cones follow
lineations of seismically active faults such as ZVLO (Figure 1a) [18]. Consequently, the
LNG?2 could represent a potential natural hazard in the sector between Calafquén, Villarrica,
and Caburgua lake.

The access to the study area is facilitated by many local roads, which makes it ideal for
repetitive field surveys in comparison to other minor eruptive centers (MEC) on the flanks
of Villarrica (Figure 1b). The highest eruptive centers on the topography are of scientific
interest (1778 m a.s.l.) because of their location near the limit of the ancient Villarrica
Caldera 1 (HLN2AG6; Figure 1d). The crustal section of the collapsed caldera border can be
easily appreciated from the eastern view of the Villarrica east flank, from the Pichillancahue
Glacier (Parque Nacional Villarrica).

On the site, a series of well-preserved parallel volcanic cones cover the reworked
volcanic material from Villarrica and LNG1 (Figure 1b). The series of volcanic cones is made
up of volcanic products featuring variations in the type of pyroclasts and their textures,
implying changes in the eruptive style that are not yet explained in the literature [2,3].

This paper is therefore concerned with two concepts: characterizing eruptive styles
and magmatic degassing. The eruptive style was studied according to the textural char-
acteristics of the volcanic deposits and pyroclastic products using optical petrography
and scanning electron microscopy (SEM). The magmatic degassing process was studied
by determining the volatile components and their concentrations in Mls of olivine phe-
nocrysts. The MIs represent closed capsules that to a certain degree preserve the magmatic
volatile contents and chemistry of the pre-eruptive magma composition at the time of
their formation [14,15]. The volatile content is measured in MIs of olivine, with electron
microprobe analyses (EMPAs) used to determine major oxide concentrations and major
volatiles, such as sulfur (S), chlorine (Cl), and fluorine (F). Fourier Transform Infrared
Microspectrometry (FTIR) was used to quantify the H,O-CO; pair for which solubility
is strongly dependent on pressure [13]. Finally, a revision in the field helped to draw
lines between lithologies over an improved geological map of the sector. The interpreted
lithologic successions were correlated to define the chronology of the volcanic activity. This
step required building a local digital elevation model (DEM) and basic photogrammetry
processing with a drone survey to map the local volcanic structures (Figure 2). This latter
task improved the comprehension of spatial changes of eruptive sources and contributed
to better explaining the presence of volcanic structures on the Villarrica flanks.
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Figure 2. Digital elevation model of Los Nevados Subgroup 2. Sector at the highest topographical levels of Los Nevados
Subgroup 2 (see Legend). The semi-transparent polygons represent the new lithological contacts between each eruptive
center classified between HLN2A6 to HLN2AS. Topographic isoline separated by 2 m were used. Key altitudes points are
indicated for lowest and highest sectors. The sector at the top-right corner represents the lowest topographical levels of

eruptive vents from the sector, including HLN2A9 volcanic vent.

1.1. Geological and Volcanological Setting

This study focuses on the Central Southern Volcanic Zone (CSVZ) where the Los
Nevados Group is located. In this active volcanic segment, a ca. 35 km thick crust is
characteristic, and the angle of convergence of the Nazca and South America plates is
oblique, at about 25° [17,18]. The stratovolcanoes and MECs in the CSVZ produce tholeiitic
and high-Al basalt and basaltic andesites [16]. The CEMs of the Los Nevados Group have
been classified in previous studies as adventitious volcanoes to the Villarrica volcano [3].
Its eruptive products are mainly of basaltic to andesitic composition (50-58% SiO,), with
a predominance of products of andesitic-basaltic composition (52-56% SiO,) [3,19]. Its
limit on land corresponds to the eastward extension of the Mocha fracture zone that begins
on the Nazca plate [17]. On the continent, Villarrica belongs to the northwestern end of
a volcanic chain of northeast-southeast orientation (~N60 °W) of ca. 60 km in length, in
which the Cordillera el Mocho, Quetrupillan, Quinquilil, and Lanin volcanoes are also
located [17]. Of these, only the Lanin, Quetrupillan, and Villarrica volcanoes erupted
recently during the Holocene [3]. Volcanism in the CSVZ is spatially related to the Liquifie
Ofqui Fault Zone (LOFZ). The LOFZ represents the main structure that controls tectonic
activity in the area and has an approximate length of 1200 km.
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The Villarrica volcano is a Middle Pleistocene to Holocene eruptive center located at
39°24' S and 71°55’ W (Figure 1a). It is mainly made up of basaltic to andesitic—basaltic
lavas, lahars, pyroclastic flows, and fall deposits. Its basement is restricted to rocks of
Devonian—Pleistocene age and comprises the Trafiun Metamorphic Complex, sedimentary
sequences that make up the Panguipulli Formation, and volcanoclastic sequences belonging
to the Pino Huacho Stratum, the Pucén Peninsula Strata, and the Huincacara Strata [2].
The history associated with the development of the Villarrica itself is grouped into three
associated evolutionary stages based on stratigraphic, geomorphological, structural, and
geochronological criteria, forming Villarrica units 1, 2, and 3 [2,3].

The Holocene-to-present volcanic activity includes ~49 historic eruptions that have
occurred at Villarrica since 1558 [20-23]. The 1948-1971 sequences are particularly well
described in terms of the pre-eruptive conditions [24-26], and there is also preliminary and
detailed information on the magmatic volatile content from Chaimilla tephra produced by
the explosive eruptions [27,28]. Since the post-glacial period, Villarrica has demonstrated
an effusive and weak Strombolian eruptive style at the central crater, which is also found
at the corresponding adventitious cones [2,3].

Central volcanic activity at Villarrica includes the adventitious vents (Chaillupén,
Los Nevados); these are centers of interest, in addition to regional minor eruptive centers
and the possible connection to the monogenetic field from the Caburgua—Huelemolle
Small Eruptive Center (CHSEC). The latter may also involve a larger area of potential
seismic/volcanic hazards [18,19,25,29,30].

1.2. Local Setting: Los Nevados Group

The Los Nevados Group is a set of volcanic cones and associated lavas of andesitic—
basaltic composition of the Holocene age (<11,700-year B.P.) located on the northeast
flank of the Villarrica volcano, northeast of the edge of Caldera 1 (Figure 1b). They are
controlled by a main fissure of orientation N60 °E [3] and divided into two subgroups
(Figure 1a,b) according to their spatial arrangement and age [2,3]. Los Nevados Subgroup
1 (LNG1) (Late Holocene, >2600 years B.P,; 4C in carbonized wood resumed in [4]) is a
set of volcanic cones that were generated from four fissures through which the magma
would have reached the surface. These cones have a subcircular base of up to 800 m in
diameter, heights of less than 80 m, and craters with diameters of up to 350 m, which are
generally open [3]. The age of these deposits is limited stratigraphically by the fact that
this subgroup is partially covered by pyroclastic deposits from Villarrica Unit 3, deposit
reported as 2.620 & 210-year B.P. and measured by Moreno (1994a). This indicates that
LNG1 formation would have occurred prior to that age [2,3].

Los Nevados Subgroup 2 (LNG2) (Late Holocene, <2600 years B.P.; Ibid. to reference
material for LNG1) is a set of volcanic cones and lavas of andesitic—basaltic composition,
generated from two of four fissures through which the magma would have reached the
surface. These volcanic cones have a subcircular to elliptical base of up to 600 m in diameter,
with heights that are less than 60 m and craters with diameters of up to 200 m, which are
generally horseshoe-shaped [3]. The minimum age of these deposits is not stratigraphically
controlled because this subgroup is not covered by pyroclastic deposits of Villarrica Unit 3.
Therefore, it is estimated that their formation would have occurred less than 2600 years
B.P. [2,3]. The sector on the highest topographic level corresponds to a series of scoria,
spatter, and non-vesicular bomb size-formed cones, oriented along a N45 °E direction
(Figure 1b—d).

2. Materials and Methods
2.1. Field Work

The field work for this study consisted of three repeated field campaigns of 4-5 days
duration each (2017-2020) to obtain stratigraphic information and take samples of rock
fragments for subsequent analysis. Petrographic characteristics and volatile contents were
investigated from juvenile pyroclasts collected at significant levels from the falling deposits
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of three volcanic cones, starting from the highest ground level in sector SW to the limit NE
(HLN2A6, HLN2A7, and HLN2AY; Figure 1b-d). All these edifices were included within
the Los Nevados Subgroup 2 (LGN2), corresponding to the last eruptive event associated
with the formation of CEMs in the Los Nevados Group. The stratigraphic sequences of the
eruptive centers are described in the original work of Pastén [31] (2018), and such sequences
with corresponding pictures of sampled pyroclasts can be found in the Supplementary
Materials (Figure S1).

2.2. Unmanned Aerial Vehicle (UAV) Survey

The recognition of volcanic deposits is shown in Figure 2. All details of field tex-
tures were interpreted with acquisition of orthomosaic photography, taken by a light
Unmanned Aerial Vehicle (UAV) engine Mavic Air 2 (manufactured by DJI Innovations:
http:/ /www.dji.com, accessed on 10 March 2021). Instead of using it for monitoring
(i-e.,[32,33]), the UAV was brought into the field to create a high-resolution digital elevation
model (DEM), a task requiring that homogeneous resolution images (4000 x 3000 pixels,
horizontal resolution = 72 ppp, vertical resolution = 72 ppp) be acquired directly from the
engine camera (ISO 110, focal distance of 4 mm, time exposure of 1/320S, color RGB). The
processing of n = 30 images for the 1000 x 500 m dimension sector was made possible with
the Structure from Motion (SfM) software Pix4UAV [34,35], which is a well-developed tech-
nique for far remote areas [36]. Twenty-four repeated flights at 50 m from the ground were
performed at 12 ground control points (GCPs) (including the starting point in Figure 1b)
under weak wind conditions (<30 km /h), with coordinates taken with a Garmin eTrex GPS
to verify each x—y-z position from the flight was at the correct position (1694-1794 m a.s.1.).
The field campaign lasted for two days, 7-8 February 2021, using a drone battery of
11.55 Ah, which allowed the quadcopter to fly for about 30 min, six times (3 h), without
snow cover, during the ideal period of the year for clear weather (the dry summer season
in the Southern Hemisphere).

2.3. Petrography

Petrographic observations were performed on a total of four thin sections produced in
the laboratory belonging to Mr. Rubén Espinoza (Santiago, Chile) using the most repre-
sentative sampled pyroclasts in the field (Figure S1). The samples were clasts contained in
the deposits of the eruptive vents HLN2A6, HLN2A7, and HLN2A9. These were selected
and characterized both mineralogically and texturally using a petrographic microscope
while crystal separates from olivines described for their textures. The mineral abundance
estimates were found through the modal counting method. More information regarding
the mineral phases, textures, sizes, and abundances can be found in the Supplementary Ma-
terials (Table S1). Bulk rock analyses were realized on the corresponding samples described
for petrographic characteristics (Table S2) according to the preparation procedure from
Activation Laboratory (Ancaster, ON, Canada). The method employs a lithium metabo-
rate/tetraborate fusion for measuring major as trace elements by Fusion Inducted Coupled
Plasma (ICP) with Optical Emission Spectrometry (OES) and Mass Spectrometry (MS).

2.4. Scanning Electron Microscope

Four scoriaceous fragments were selected from a granulometric fraction of ~1-2 mm
that was encountered within the bomb and lapilli-sized clasts collected on site. The
selection of the smallest clasts allowed us to observe the groundmass texture not visible in
the petrographic sections, but no phenocryst-free rocks of this size were encountered among
clasts smaller than the lapilli-size formats (Figure S1). The observation was undertaken in
the Crustal Fluids Laboratory of the Geosciences Center (UNAM) in Juriquilla, Mexico. For
this, a Hitachi TM-1000 Scanning Electron Microscope (SEM) was used, with a backscattered
electron detector and an Oxford energy dispersive spectroscopic (EDS) device coupled to
an acceleration voltage of 15 kV.
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A semiquantitative X-ray microanalysis was performed by EDS, with an acquisition
time of 60 s. BSE (backscattered electron) images were obtained with magnifications of 80 x,
150, and 300 x. The images obtained by this technique are provided in the Supplementary
Materials (Figure S2).

2.5. Populations of Olivine

Small-to-medium lapilli size fragments were crushed for sieving to obtain a 1-2 mm
fraction and used to collect mafic phenocrysts (olivine, pyroxene), at the Juan Vargas
Laboratory in Santiago. From a population of 100 olivine crystals belonging to each
eruptive center studied (HLN2A9, HLN2A7, and HLN2AG®6), descriptive statistics show the
main textural characteristics that represent each of them, according to the methodology
proposed by Robidoux [37]: (G1) olivine without inclusion, (G2) olivine with closed
inclusion, (G3) olivine with closed inclusion and bubble, (G4) olivine with heterogeneous
bubble (oxides + bubbles), (G5) olivine with crystallized inclusion, and (G6) other (referring
to re-entrant, hourglass, or mineral phase inclusions in the inclusion). In turn, descriptive
statistics were obtained for the samples that were analyzed by FTIR by using a model
SMZ171Motic binocular microscope with wide-field objectives (up to 10x magnification).
The textural and morphological statistical analyses showed the magmatic conditions and
reflected degrees of isolation with respect to the coexisting melt [37,38]. For more detail,
see the Supplementary Materials (Figures S3-S5; Table S2).

2.6. Fourier Transform Infrared Microspectrometry (FTIR)

The content of H,O and CO; in the MIs was measured using the FTIR technique, with
a Hyperion Bruker FTIR spectrometer interconnected with a Continuum IR microscope,
belonging to the Laboratory of Crustal Fluids of the Geosciences Center of the Juriquilla
Campus, located at the National Autonomous University of Mexico. In total, # = 81 analyses
were performed on the inclusions with glassy texture. Details on the Microanalysis of melt
inclusions, preparation, and data processing are described in Figures S6 and S7.

Through the relationship between the concentration among the Beer-Lambert Law
(Equation (1)), the content (C) of H,O and CO, was calculated.

_ MA

= 5oE )

The numerator parameters used to carry out the calculations in Equation (1) corre-
spond to the molar mass of the analyte (M) (g/mol) and the absorbance (A). The denomi-
nators are the thickness of the wafer () (in millimeter for calculation, but in micrometer
for data reports), the density of the melt inclusions (p) (g/ cm?) and the molar absorption
coefficient ¢ (L/mol).

For the case of water, the total concentration (C) of H,O, dissolved as molecular water,
was determined from the absorbance bands at 3550 cm ™! [39]. The absorbance (A) was
measured in the OPUS program, with correction for the baseline. The parameter 9, p, and ¢
are determined individually for each inclusion and explained in detail with Figure S7 (see
also, e.g. [39-43]).

Measurement was carried out wherever the characteristic vibrations of the CO; 2
species were present [44,45]. The absorbance peaks of the spectrum corresponded to the
wavelengths of 1515 and 1435 cm™!, and sometimes 1350 cm™! being
detected [41,44]. Baseline correction and the peak fitting model were applied using the de-
gassed glass spectrum background [46]. The molar absorption coefficient (¢) for the bands
on which the carbonate concentration was measured for basaltic glasses were composition-
ally dependent [47], for which we used the molar average of Na/(Na + Ca), as follows:

Na

e=8l- el

@
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The abbreviations used for the calculations in Equation (2) correspond to molecular
fraction of sodium (Na) and calcium (Ca), which are determined for the composition of
each inclusion according to the linear equation reported in Dixon work [47].

2.7. Electron Microprobe Analyzer (EMPA)

Inclusions, interstitial glasses, and mineral chemistry were probed with an electron
microprobe analyzer (EMPA), model JXA-8200 (manufactured JEOL in Tokyo, Japan),
equipped with five wavelength-dispersive X-ray spectrometers and one energy-dispersive
X-ray spectrometer analyzer, at the HPHT (high-pressure/high-temperature) laboratory
of the Istituto Nazionale di Geofisica e Vulcanologia (INGV) in Rome (Italy). All crystals
were prepared on different mounts after using abrasives and diamond polishing powder
fractions (down to 6, 3, and 1 um), and then finished with 0.1 micron aluminum oxide.
In Table S4, duplicate spots were performed on two secondary reference glass materials
(GL07 D30-1 and ALV519-4-1 [48]), measured two or three times per day during the
two-day analytical period. Reproducibility of results from major elements using the
standard deviation rhyolitic glass GL07 D30-1 (0.13 S.D.%) and basaltic glass ALV519-
4-1 (0.06 S.D.%) set of reference crystals was used for quantifying each major element’s
precision. Matrix glass on the rim of separated phenocrysts and background (matrix) glass
obtained from polished phenocrysts were placed over indium mounts and were probed by
EMPA equally to the glass surfaces of inclusions and phenocrysts, before being pressed
for 24 h so they were parallel on the mounts. For both the glass and mineral surfaces, the
EMPA conditions were a beam current of 7.50 nA, accelerating voltage of 15 kV, and beam
diameter of 5 um. The counting times for the minerals were 10 and 5 s at the peak and
background, respectively.

3. Results
3.1. Petrographic Characteristics of the Deposits
3.1.1. Deposit HLN2a6

e  This is a double-nested crater with the SW side cutting off the NE side. A deeper base
is observed on the NE crater, where a solid gray-black to brown overflow rampart
deposit consists of unconsolidated-to-agglutinated scoria with a minimum thickness
of 9 m (Figure 2 and Figure S1; HLN2A6a and HLN2AG6b). The base of the sequence
consists of vitreous vesicular scoria with a medium lapilli size (<~20 cm), and a
lesser quantity of fine lapilli (30% of the basal sequence), immersed in a 10% coarse
ash-sized matrix (Figure 1d and Figure Sla). Toward the top of the deposit, the size
of the clasts increases, consisting essentially of juvenile scoriaceous fragments of a
block size of ~60 cm in diameter, with predominantly brown tones (70% of the upper
sequence), containing two groups of pyroclasts (HLN2A6A and HLN2AG6F). The SW
crater is covered with the rest of the series and forms a semiarc rampart structure
with a cumulation of bombs (lapilli to block size) dispersed as far as 200 m from the
crater (Figure 2). Lapilli fragments were sampled such as crystalline and heavy block
HLN2AG®6 and fusiform scoriaceous HLN2AG6F (Figure S1).

e  The first group (HLN2A6A) of lapilli is characterized by being hypocrystalline and
porphyric, and it presents variations in vesicularity. The pyroclastic fragment obtained
from the second group is vesicular with a fusiform morphology (HLN2AG6F), character-
ized by being hypocrystalline, porphyriticc, and moderately vesicular
(Figure S1 and Table S1). The phenocrysts (5 vol% of the total rock) correspond
to plagioclase (4 vol%, 1-2 mm) of subhedral form and olivine (1 vol%, <1 mm)
of greenish tones and subhedral form. The groundmass (60% of the total rock) is
microcrystalline (Figures 52 and 54).

3.1.2. Deposit HLN2a7

e This is an overflow levee crater with AA blocks and lapilli clasts
(Figure 2 and Figure S1). The sequence appears as a massive gray-brown deposit
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of approximately 3 m thickness, made of agglutinated scoria (spatter texture). This
eruptive center is made up of abundant highly vesicular scoriaceous juvenile clasts of
medium-thick lapilli size (10% of the deposit), which exhibit black-brown colorations
and clasts (80% of the deposit) of bomb size with diameters of ~30 cm, which are
arranged in an aggregate manner and are immersed in a matrix of coarse ash size (10%
of the deposit) (Figures S2 and 54 and Table S1).

Petrographically, the spatter clasts are basaltic vesicular olivine, mostly hypocrystalline
and porphyriticc, and the rest of the groundmass is highly vesicular
(Figure S4, Table S1). The sampled fragment is made up of phenocrysts (3 vol%
with respect to the total rock) of subhedral plagioclase (2%, 0.5-1 mm) and subhedral
olivine (<1 vol%, <1 mm). The groundmass (67% of the total rock) has an aphanitic
texture. Vesicles occupy from 30 vol% and up to 50-60 vol% of the total rock, and are
essentially <1 mm, decreasing in size towards the center of the sample (Figure S1).
At microscopic level and using a scanning electron microscope (SEM), the clasts are
revealed to be vesicular basalt containing interstitial accessory clinopyroxene (2 vol%)
and olivine (<1 vol%) among dominant 5 vol% plagioclase. The rock is highly vesic-
ular (~60 vol% of the total rock) and has a hypocrystalline and vitrophyric texture
(Figures S2 and 54).

3.1.3. Deposit HLN2a9

This is a circular crater with an excavated 5.4 m steep deposit of scoria on the north
side contrasting with the rounded morphology that reaches 12 m high on the south
side (Figures 1 and 2 and Figure S1). The sampled north wall is a solid gray-black
weakly consolidated deposit made up of vesicular scoriaceous clasts of medium-thick
lapilli (90%) immersed in a matrix of coarse ash (10%). Gradually, at higher levels,
the size of the pyroclastic fragments increases until it is made up of bomb size (~20%)
of up to 30 cm in diameter at their greatest length, and which are scoriaceous and
highly vesicular.

Microscope photos show a rock that represents an interstitial vesicular groundmass of
clinopyroxene and olivine. This rock is highly vesicular (58 vol% of the total rock),
hypocrystalline, and vesicular and porphyritic in texture. The phenocrysts make
up 6 vol% of the total rock and include phenocrysts of plagioclase (4 vol% with
respect to the total rock, 1-3 mm), which locally exhibit sieved textures and partially
resorbed edges (Figure S4); olivine phenocrysts of subhedral form (1 vol%, 1-2.5 mm);
olivine microphenocrysts of subhedral form (1 vol%, 0.1-0.6 mm); and subhedral
clinopyroxene microphenocrysts (<1 vol%, 0.2-0.4 mm). The groundmass (36 vol%
of the total rock) has an interstitial texture and is made up of plagioclase microlites
(6 vol%, <0.5 mm) partially surrounded by pyroxene (Figure 54, Table S1).

3.2. Bulk Rock Chemistry

Whole-rock compositions are defined as basaltic andesites (5iO, = 54.5-55.2 wt.% and

K,0 =0.78-1.02 wt.%) and plotted in the field from calc-alkaline (CA) to high-potassium
calc-alkaline (HKCA) rocks (Figure 3), while the total alkalis of the present samples var-
ied from 4.1 to 4.5 wt.%. The most primitive sample was the HLN2A9, with 54.5 wt.%
Si0, and MgO = 4.46 wt.% (Table S2), with relatively low K,O (0.78 wt.%). This scori-
aceous bomb reached Mg# = 0.44 (ratio of molecular weighted magnesium content to
total magnesium+iron as total iron as Fe?*). Major oxides from LNG2 falls within the
range of Villarrica bulk rock results available in the literature (51.0-59.0 wt.% SiO, and
0.44-1.08 wt.% K,O [27,28,49-51]). It was slightly more differentiated than most minor
eruptive centers (MEC) (50.0-52.5 wt.% SiO, and 0.35-1.08 wt.% K,O [25,29,30]).
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Figure 3. Major element composition of volcanic products from Los Nevados Subgroup 2. Post entrapment-corrected MI
with their K,O-vs-SiO; classification. Basalt and basaltic andesite phenocrysts-hosted MI are shown as rounded shapes with
red (HLN2A®6) and blue (HLN2A9) filled color. Bulk rock samples from Los Nevados are represented by the colored squares.
Repeated analyses involving international standard glasses resulted in errors of <1%. Literature data from Villarrica are
represented by black cross, while MEV from regional sector close to Villarrica are illustrated with green X symbol (See

references in Supplementary Material Figure S6).

3.3. Olivine Populations

The G2 and G3 categories are of greatest interest for carrying out volatile content
measurements. The results indicated that the highest percentages of MI of the mentioned
categories occurred in HLN2A9 (21%) and HLN2AG6F (19%). The samples from the other
eruptive centers, HLN2A7 (10% G2+G3) and HLN2AG6A (1% G2+G3), showed a predom-
inance of crystals with completely crystallized inclusions (~>70%), or simply crystals
without inclusions (G1) (Figure S5).

Selected inclusions for analyses (FTIR, EMPA) were attributed textural characteristics,
for a total of n = 42 samples (Table S3, Figure S5). Groundmass glass in contact with
phenocrysts (n = 4) was used as the standard for the absorbance spectrum in the FTIR
data treatment. Among the analyzed inclusions, a ratio of 9/42 was found for closed
glassy texture inclusions (G2), 23/42 contained a shrinkage bubble (G3) [52] (i.e., [52,53]),
3/42 contained a shrinkage bubble with possible secondary phases, and 7/42 were reen-
trant or hourglass (connected to the border of the crystal). The single phenocryst sample
HLN2A91 included 12/42 analyses for which the results were repeated for testing the vari-
ability of chemical characteristics between Mls in different areas of the sample (Figure 4).
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Figure 4. Sample HLN2A91 and analytical spots. (a) Electron microprobe image with backscattered electron image (BEI)

showing intersected inclusions on crystal HLN2A91. In total five different sectors are showing different kind of inclusion

textures for which we attribute the letter “A “. Red rectangles with black letters correspond to EMPA results while blue

rectangles with blue letters to FTIR results. (b) Microscope image of sample HLN2A91 with different sectors. Area 1
(A1): Spherical glassy inclusion with bubbles (still not classified as typical shrinkage bubble), but also without bubbles
(best preserved). Area 2 (A2): Irregular elongated glassy inclusion with bubbles. Area 3 (A3): Spherical glassy inclusion
with bubbles. Area 4 (A4): Glassy transparent elongated inclusions. Irregular closed and open (reentrant) inclusions.
Isolated dark cubic/angular opaque solid oxide phases. Area5 (A5): Glassy coffee translucid elongated inclusions. Irregular

closed and open (reentrant) inclusions. Additionally, they contain cubic/angular dark coffee color and black opaque solid

oxide phases.

3.4. Infrared Microscopy

The OH- peak was clearly detected in 1 = 41 samples [43,54]. The water concentrations
are reported in Table S5 including graphical precision, for which the total H,O peak at
3550 cm~! corresponded to the fundamental OH- stretching vibration [39,54]. Replicate
precision (10) was tested on n = 8 samples with £0.098 wt.% [H,O] variation with error
of 14.5%. The reproducibility of the measurements was tested as double spots on the
same inclusion and the % error for 10 propagated systematically for all water contents
(Tables S3 and S5). The density is not considered as source of error as it depends on the
inclusion major oxide contents (Table S5: range between 2.49 and 2.64 g/cm?). Samples
with clean infrared reflective signals were used for the interference fringes method [55].
The thicknesses determined by this method agreed to within an average of 7 pm (% error
of 30.7% in water content), in comparison to direct thickness measurement errors [43].
The ranges of water contents in LNG2 were 0.42-2.77 (1.07 £ 0.96 wt.%) in HLN2A6 and
0.8-2.99 (1.15 + 1.05 wt.%) in HLN2A9. The series of inclusions observed in HLNN2A7
were mainly crystallized, and the only result obtained was 0.48 wt.% HyO. The sample
HLN2A91, in total obtained n = 10 valid results between 0.86 and 2.99 (mean
1.79 £ 0.80 wt.% HyO). The specimen is used for comparing the variability of water
content between different types of Mls (with or without shrinkage bubbles) and observed
textural assemblages in distinct areas (A1, A2, etc.). The measured range is not related to
an analytical issue, but seems to reflect natural processes.

A double peak of CO3%~ was detected in 1 = 17 samples, with average 1o in CO3%~
of +£175 ppm and an average percent error of 35.7%. Only five of these samples were
successfully corrected for the doublet anomaly (as in [46]). This ultimate method yielded
an average of 10 in CO3%~ of 298 ppm and an average percent error of 39.0% (1 = 5). The
range of CO3%~ contents in LNG2 is 115-1069 (484 + 388 ppm) in HLN2A6 (n = 5) and
98-1586 (610 + 578 ppm) in HLN2A9 (n = 12). In Beer-Lambert’s Law, for calculating the
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carbon concentrations, the values of the absorption coefficient ranged between 388 and
415 L/mol-cm (Table S6), depending on the inclusions [47].

3.5. Melt Inclusions and Matrix Glass Composition

All the MI compositions illustrated in Figure 3 were corrected for post-entrapment
crystallization of corresponding phenocryst-host according to Danyushevsky and Plechov
method using program Petrolog 3 [56]. This data treatment takes into consideration the dif-
fusion exchange of FeO and MgO along the walls of the inclusion and the olivine host, then
the Fe loss from the inclusion into the olivine host (Figure S6). Recalculated compositions
from MlIs in samples from HLN2A6 and HLN2A9 (Figure 3 and Table S7) were classified as
basalts to basaltic andesites, and few andesites were observed (SiO, = 47.1-58.0 wt.% and
K0 = 0.24-1.24 wt.%) and plotted in the field from calc-alkaline (CA) to high-potassium
calc-alkaline (HKCA) rocks (Figure 3). Uncorrected values, including groundmass glasses,
are available in the Supplementary Materials (Figure S6, Table S8). Corresponding olivine
host crystals are listed in Table S9. The inclusion samples from HLN2A6 were richer in K,O
(0.68-1.24 wt.%) and were classified mostly as basaltic andesites (1 = 4 andesites), while
olivine-hosted MIs from HLN2A9 were mostly basaltic (Figure 3), with lower contents
of K,O (0.24-1.09 wt.%). The MIs were SiO,-richer in HLN2AG6 (52.6-58.0 wt.%) than
in HLN2A9 (47.6-55.4 wt.%). Matrix glasses are basaltic andesites, having higher K,O
(0.80-0.87 wt.%) and SiO, (53.0-53.7 wt.%) in HLN2A6 compared to HLN2A9, which con-
tains KO (0.74-0.82 wt.%) and SiO, (52.8-54.9 wt.%), respectively (Figure 3 and Table S7).

Corrected MI compositions (Figure 3 and Table S7) were processed by adjusting KD of
olivine-melt and compared with groundmass and bulk rock compositions for FeOr/MgO
ratio (Figure S6). In 12 Mls, important corrections were necessary (32% olivine, to a
maximum of >10% olivine addition) [56]. The inclusions were preserved to moderate
Mg# in the weakly primitive olivines (Foys_gg); 30 of them [56] had an original FeOr of
0.2-7.3 below the corresponding host rock with FeOr vs. MgO trending and PEC results
on MlIs lowered the tendency at lower FeOT, while equilibrium was reached with Petrolog
3. The Fe-loss was corrected by using Petrolog 3 in addition to adjusting the iron content at
equilibrium with MgO, considering the total iron content by assuming that Fe?* = “Fe. The
corrected melt compositions for NNO [57,58] had total iron species-consistent FeZ* /Fe3*
ratios according to the modeled compositions. The Fe?* /Fe3* ratio of HLN2AG6 (4.2-4.5)
was similar to that of HLN2A9 (4.2-4.6) for modelling starting melt composition; despite
this, the bulk rock titration method suggested FeO/Fe,O3; was lower in HLN2A6 (1.008) in
comparison to HLN2A9 (4.540).

3.6. Volatile Contents

The sulfur contents (S) is reported in Table S7 and converted using SO3 from Table S8.
The results were obtained on the olivine-hosted MlIs of n = 10 samples from HLN2A6
(51-568 ppm and mean 331 £ 153 ppm S) and n = 24 samples from HLN2A9 (41-2254 ppm
and mean 940 & 692 ppm S). The chlorine content (Cl) ranged between 27 and 953 ppm in
HLN2AG6 (mean 389 £ 306 ppm Cl) and was almost twice this amount, at 190-2126 ppm,
in HLN2A9 (mean 591 £ 455 ppm Cl). The fluorine content ranged between 548 and
1449 ppm in HLN2A6 (mean 974 + 322 ppm F) and between 62 and 1963 ppm in HLN2A9
(mean 975 + 542 ppm F). As an internal reference for variation of volatile contents, a single
olivine-hosted HLN2AQ9 crystal recorded ten MI for which the S, Cl, and F contents varied
in the ranges 703-2254, 380-2126, and 493-1963 ppm, respectively.

Inconsistent extreme S values were recorded in sample # hIn2a91mZX2 (2254 ppm S).
A similarly excessive result for Cl occurred in this sample (2126 ppm Cl). In comparison,
matrix glasses of HLN2A6 contained S 124-249 ppm, Cl 310-621 ppm, and F 425-564 ppm.
HLN2A9 contained S 114-391 ppm, CI1 284-977 ppm, and F 906-1328 ppm (with sample
hIn2a9%6xr topping >4000 ppm F). If the extreme values are considered as outliers, the
average volatile content in HLN2A9 exceeded that of HLN2A6 by 1.6, 2.8, and 1.5 for the
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COg, S, and Cl contents, respectively, but both series of samples had consistent H,O and
fluorine contents (ratio of ~1/1).

4. Discussion
4.1. Textural Relationships: Implications of Melt Inclusions and Clast Cooling Rates

Textural and compositional characteristics of the olivine-hosted Mls (Tables S3 and S7)
testify on the variability of crystallization conditions from olivine phenocrysts
(Figures 4 and 5; Table S7; Figures S3, S5 and S9). Such observations on MIs may re-
flect changes in cooling rates for the ascending cooling magma below LNG2 [14,15]. The
groundmass microlite and phenocryst texture (Figure S4; Table S1) is used with matrix glass
composition (Figures 3 and 5; Table S7), both as indicators of cooling rate variation from
the residual melt during clast solidification [59-62]. The combination of such petrographic
characteristics is compared among pyroclasts across the three eruptive centers (HLN2A®6,
HLN2A7, and HLN2A9), which complete qualitative observations on the vesicularity,
crystallinity, shape, and texture of the sampled pyroclasts (Figure S1; Table S1).

The most degassed inclusions (<2.0 wt.% HyO) appear to reflect the chemical behavior
of water lost, as seen in Figure 5a, in which pressure changes are not necessarily related.
After correcting for PEC, the sulfur and water distribution still followed the degassing
patterns, but two populations of data mark a remarkable shift in the water content, which
could be attributed to distinct cooling rates of the system [63]. On the one hand, this water
loss was typical of post-entrapment processes in several of our samples below 2.0 wt.%
H,O (Figure 5a—c). On the other hand, the chemistry of inclusions from lapilli scoria
fragments differs from the bomb fragments sampled in this study (Figure 2). The results
from Lloyd’s work [63] were compared independently to the volcanic source (volcan Fuego,
1974; [64]), and we found that the clast size and cooling rate of clasts and inclusions could
be closely related and therefore appear to be the main factor inducing water loss. This
assumption is presented here as the MIs from the present work are in the composition
range of the MIs (basalt to andesite) used to model the batch fractionation model used by
Lloyd [63].

To verify if cooling rate has a direct effect at the scale of inclusions, the K,O and H,O
content were compared to the inclusion volume in Figure 5c,d. We suspect PEC diffusion
to affect its primitive melt composition [12-14,65]. The volume of solidified inclusions as
observed in laboratory and the measured afterward polishing is probably indicative of
larger surface contact area of MI versus olivine host [48,65]. If this association is correct, a
decrease in inclusion size is related to PEC diffusion of major elements and re-equilibration
of MI composition (red and blue color rectangle in Figure 5¢,d), which also implies loss of
water [56,65]. Otherwise, the quality of the glass surface signal from FTIR and EMP may
be affected by artefacts that are not visible during analysis.

If the cooling rate is completely ruled out as an alternative explanation, differentiated
MIs (rich K»O content) should be re-equilibrated with the olivine host [65,66] and preserve
less water wt%. For this aim, the same elements (K,O; H,O) can be compared between
groundmass and the inclusions to verify if the residual melt formed at the phenocryst rims
is following cogenetic degassing trends. The trapped melt of the inclusion is supposed
to be recording earlier stages of olivine growth [12,13] (Figure 5¢,d). As for most of the
inclusions, the K;O are less pronounced (magma is more primitive) and HO is richer
(less degassed), but many exceptions are observed for inclusions and some record lower
water contents.
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by a blue rim square. (a) HyO versus sulfur variation in Mls from this LNG2 highlighting the effect of diffusive water loss

with yellow arrow. The solid dashed line represents the approximate limits for batch fractionation model used by Lloyd [63].
The degassing model tilted line represents an inclusion dataset of uncorrected ash and lapilli MIs from Lloyd et al. (2013)
and its extension (dotted lines), while the reddish ellipse represents the inclusions from the bomb sample affected by
water diffusion. All symbols with large transparent circles represent inclusions with an observed vapor bubble. Literature
Mls data from Llaima volcano and Chaimilla event at Villarrica are mentioned in Supplementary Material Figure Sé6.
(b) KO versus H;O variation in Mls from LNG2 to distinguish between diffusive H,O loss (yellow arrow) and
degassing + fractional crystallization (green arrow). Grey ellipse dataset of uncorrected ash and lapilli MIs from Lloyd et al.
(2013). (c) H,O versus inclusion volume (Vol. Inc. in cm?) variation in MIs. Matrix glass maximums HyO wt.% contents
are represented by red (HLN2A6) and blue (HLN2A9) horizontal lines. Two end member arrows are linking two closed
MIs pairs with clear distinction between CO; contents between the presence of an observed bubble (or not). (d) K;O wt.%

versus inclusion volume in cubic centimeters (Vol. Inc. in cm®3).

If water contents are generally lower than in preserved Mls, it is not necessarily a
surprise to observe richer amount in groundmass that are still not degassed. The same
pattern is present in Mls, consequently lowering the K,O versus H,O content after the
degassing processes; this mechanism has been suggested by Johnson, E. [62] to result
after decompression. Within this order of idea, the crystallization of microlites in the
groundmass is reflected in the variation of K,O content from groundmass, which could be
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caused by cooling in the shallow storage region or by small reductions in the pressure of
H,O (Figure 5b).

Despite this additional variable, PEC-MIs datasets generally follow the degassing
trends found in literature (Llaima [67], Chaimilla event, Villarrica [28]). The presence of
a positive shift in the water content for some groups of inclusions observed in the same
olivine cannot be ignored (Figure 5a—c). As in the first instance, the quantity of glassy
inclusions (20 versus 16%) and frequency of presence of a vapor bubble (1 versus 3%) in
both HLN2A9 and HLN2AG6F agree particularly well, but MIs from HLN2a6 demonstrate
less water contents. If higher H,O loss is related to slow-cooling pyroclasts [63], such as the
HLN?2a6, or even by comparing effusive product such as lava [63,68,69], it is no exception
that melt compositions are affected before being trapped in the olivine host, but also during
post-entrapment processes when the whole system continues to cool down.

No inclusions were analyzed in clast HLN2A6A, but olivine populations represented
stable conditions, such as in the case of few olivines with inclusions [14,15] or the lower
rate of reabsorption (in olivine) and sieved textures (in plagioclases), which could indicate
balanced conditions in the magmatic system [61]. Despite no conditions preserving many
Mls, unlike HLN2A6A, HLN2AG6F is a clast given a fusiform shape which indicates that
plastic deformation was still occurring after fragmentation.

The groundmass texture also demonstrates distinct features; for example, the micro-
lites of the groundmass in HLN2AGF are not oriented with respect to the vesicles, or to the
phenocrysts (unlike HLN2A6A). The vesicles in HLN2A6F qualitatively show slight evi-
dence of coalescence (Figure S54), perhaps the preservation of vesicularity is also weak [70].
The cooling rates for HLN2A6F would have been comparatively slower with respect to
those evidenced for HLN2AG6A since the clast suffered from plastic deformation rather
than fragile rupture. The lower microlite content and larger size of the phenocrysts support
this idea.

In the HLN2A®6 eruptive center, there is high groundmass microlite density, particularly
for plagioclases and moderate vesicularity (Table S1). The thin section and SEM petrographic
characteristics of the HLN2A6A and HLN2AGF clasts (Figures S2 and 54, Table S1) testify
for an increase in the cooling rate and a decrease in the growth rate of the crystals, allowing
the nucleation of plagioclase microlites of the smallest size [59]. In plagioclase phenocrysts,
the presence of frequent sieved textures and re-entrant/reabsorption edges could have been
linked to depressurization during the magmatic ascent [61]. Of the three eruptive centers,
HLN2A?7 clast has the highest percentage of vesicles and the highest number of elongated vesicle
morphologies (Table S1). It also represents an effusive center of emission between HLN2A9
and HLN2A6 with large olivine and plagioclase phenocrysts, but low microlite density. We
stipulate the slow cooling rates of the effusive event at HLN2A7 and HLN2AS8 must have played
a role for preserving olivine-hosted inclusions. With respect to this idea, the olivine population
shows clear dominance in recrystallized inclusions (e.g., G5), which result from slow quenching
(Figures S3 and S5 and Table S3), and most of all in the few glassy/vitreous surfaces with
conditions for realizing MI studies (e.g., G2+G3).

4.2. Degassing Mechanisms

The concentration of volatiles and saturation pressure were previously calculated
according to the Iacono-Marziano’s model [71], under the condition of minimum saturation
of the magma in volatiles (Table S7). Such values represent the minimum pressure that
could be affected by post-entrapment process mechanisms.

In some cases, the MI could be restored for CO, content [53,70-73] or other volatiles
species (sulfur [74,75]) discounted in the presence of shrinkage bubbles, or even for the
diffusion coefficient for water loss from the MI (e.g., [37,71]). In the present work, the
quantification of shrinkage bubble CO, content has not been considered with Raman
analysis (e.g., [37,53]), for which is the object of an additional MI study to determine if
the “vapor” bubbles are “shrinkage” bubbles; this is required to conform to the criteria
for this classification (e.g., [53]). Despite of this, to perform a full procedure of CO; correc-
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tion, it is recommended experimental reheating (e.g., [72]), and test numerical modeling
(e.g., [37,73]) with petrographic description of the bubble with high precision on its volume
(vol.% bubble).

In accordance with the results obtained from the concentration of volatile species de-
tailed in Table S7 (Figures 5 and 6), several scenarios support variation of the major volatile
contents (CO,, H,O, S, Cl, F). To start with, a series of low K,O content values were identi-
fied in samples from HLN2A9 (Figures 4 and 5), mostly from the non-equilibrated Mls.
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Figure 6. Variation of volatile contents in LNG2 samples. (a) HyO versus K,O, (b) S versus K;O, (c) Cl versus K,O, and (d)
F versus K,O. Green arrow represents “crystallization”, yellow arrow “water loss” (HO) and black arrow “degassing”.
Symbology is the same as previous figures. CVS stands for central volcanic zone and represent inclusions from [49].

The MIs compositions were compared to published datasets measured in Chaimilla
deposits emitted from Villarrica central crater [28], the only eruption in the sector to
be studied for this type of material and which correspond to mafic to intermediate MI
compositions (Figure 3). Elsewhere, the Llaima volcano and collection of data from CVS
are also taken as comparison with larger ranges of SiO, contents [49,67]. The CVS data
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are compared to basaltic andesites from Los Nevados (LNG2) to verify if the degassing
and crystallizing effect contribute to the same way on the MI content of major volatiles
and oxides. This issue was not apparent in most samples from Villarrica (Chaimilla)
and Llaima, which followed the degassing and crystallizing curves (e.g., clear variation
with magma evolution [28,67]). For the rest of the LNG2 samples, fractional crystal-
lization patterns clearly corresponded to the factor that influenced higher K,O contents
(Figure 6). The most primitive MI compositions (low KO of 0.24-0.55 wt.%) also matched
the slightly higher forsterite content in samples from HLN2A9 (Fog;_gs). Consequently, the
primitive & less degassed melts are consistently trapped in primitive olivine crystals
from LNG2, but the volatile contents of less differentiated MIs are well preserved in com-
parison to the MIs from Chaimilla [28]. The drastic shift to lower the volatiles contents
could consequently reflect the decompression stage at lower K,O contents (green arrow in
Figure 6).

The sulfur or chlorine contents of the sourced magmas were richer in some volcanic
systems south of CVS (Cabeza de Vaca, Apagado), or alternatively, they suffered shallow
conditions of mixing, which overprinted the primitive compositions. This mixing feature
is not supported in the petrographic observations (Table S1 and Figure S1), or by other
chemical trends in our samples. It is reasonable that chlorine solubility is decreased in the
mafic melt which undergoes crystallization processes; it is incompatible, and Cl negatively
correlates with K,O [76].

Halogens such as F have distinct signatures compared to Cl, as they do not behave
the same way in both HLN2G samples (Figure 6b,d). The case of fluorine is particularly
complex; its content variation observed along Ml series from a single crystal (e.g. HLN2A91)
may be explained by compositional MI re-equilibration or it belongs to various degrees
of post entrapment crystallization occurring along MI-crystal rims (Figure 6b). Its general
degassing pattern appears less clear like the other volatiles, except a general F enrichment
with KO in both inclusion group HLN2A9 and HLN2A6. The group of inclusions and
matrix glasses from HLN2AG6 is rich in K;O, with a corresponding low Cl or F content,
indicating the residual melt has already been degassed. For comparison, 3/35 samples had
F/K5O ratios of >3.0 and the rest had <1.0, which is consistent with subduction-related
basalts or undifferentiated end members [76,77]. According to Martini [78], fluorine species
are more soluble than water in silicate melts, thus partition into the liquid melt phase rather
than into the fluid during differentiation. To better test if fluorine partitions to the fluid
or gas phase in the emissions of both materials, it is recommended to verify its content
variation with refractory REE [79].

After considering factors that influence volatile loss (Figure 5), one model of the
decompression of the magmatic system was proposed for the least degassed MI sam-
ple HLN2a922, representing the characteristics with no PEC-related textures (series of
HLN2A92). For this reason, the maximum measured dissolved H,O and CO, contents in
our MIs are used to calculate model degassing paths in Figure 7a, for which we assume
vapor saturation during entrapment. The corresponding MI with highest volatile content
(Hp0 = 2.69 wt.%, CO, = 1586 ppm) with primitive composition correspondence (Mg#0.70,
51.9 wt.% SiO,, <0.6 wt.%K,0) was selected considering it was trapped in a primitive
olivine crystal matching high forsterite content (Fogg). The Iacono-Marziano model initial-
ized with inclusion HLN2A922, representing the first stage of the LNG2 eruption (Figure 2),
for which the decreasing HyO-CO; is calculated using the assumption of open- or closed-
system degassing. The selected MI is without shrinkage bubble with an initial pressure
fixed at 249 Mpa (at T = 1120 °C). We caution that the calculated entrapment pressures are
considered as minimum results due to high probability for MIs H" and/or H,O diffusion
(Section 4.1) and the presence of shrinkage bubbles in some MI from the same olivine host.
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Figure 7. Pre-eruptive P-T conditions for inclusion entrapments. No effects are illustrated from post-entrapment modifica-
tions except for the formation of bubbles and H,O diffusion. (a) CO, versos HyO diagram. The solubility model uses [71]
with MI sample HLN2a922. Only fully enclosed inclusions are shown (open circle for the presence of observed vapor
bubble). Vapor saturation isobars are calculated using [71], considering MI without vapor bubble had a fluid water mole
fraction of 0.249 (matching the HyO-CO; content). The closed with open-system degassing path is illustrated with black
dashed line and blue dashed line, respectively. Error bars from our study are determined in Section 3.4 (see also Figure S7).
(b) Dry and hydrous phase relations for basaltic andesite are drawn approximatively and based on models of Moore and
Carmichael (1998). Limit of mineral stability fields are illustrated with dotted lines (Ol is olivine; Aug is Augite; Plag is
Plagioclase; Cr-Spinel is Chromium-Spinel). Only fully enclosed, glassy texture inclusions (open symbols) are plotted as
they are considered to best represent the pre-eruptive melt with little to no effects from post-entrapment modifications.
The green arrow represents the hypothetical magma crystallization path in tandem with decompression “degassing”. The
temperatures are from method of Putirka (2008). Symbology is the same as previous figures. Purple rectangle indicates
range of pressures from MIs of Chaimilla event (PM: Chaimilla; 120 Mpa), grey rectangle are the ranges of pressure from

Chaimilla for minimum entrapment pressure in MIs of Chaimilla event (P: Chaimilla; [28]).

The model demonstrated that either open- or closed-system degassing can fit for
the data at a fluid water mole fraction of 0.249 (matching the HyO-CO, contents from
HLN2A922), because our dataset approximatively follows a vertical line between
2.6-3.0 wt.% H,O. Despite several MI (n = 5) plotting along the closed degassing curve, the
negative shift is clearly visible for water content for the rest of the samples, representing
the effect of water loss by diffusion, as identified earlier (Figure 5). Some of the data of the
H,0O and CO; concentrations did not follow the trend of the theoretical model (Figure 7a);
rather, the values lagged to the left, which would imply that an ideal theoretical behavior
would not represent the data trend during entrapment of melts and olivine crystallization.

Saturation pressures were calculated on 26/39 MlIs. For few other MIs, it was not
possible to quantify and match all PEC-adjusted oxide contents of the corresponding glass
to all the CO; contents. It is likely that, in some cases, the values of this volatile species
were below the detection limit (bdl; Table S5), or that the spectrum of the crystal signal
interfered with the glass signal from the inclusion. The pressure range calculated for
HLN2AO9 in 13 MlIs varied between 12 and 248 Ma (Table S7 and Figure 7b), which would
correspond to saturation depths between 0.5 and 9.0 km. HLN2A®6 varied between 2.0
and 222 Mpa (0.1-8.1 km). These values are low and indicate that degassing processes
occurred at the crustal levels. For comparison, the Mls recording minimum pressure for
the Chaimilla eruptive event decrease from 91 to 37 Mpa according to FTIR data from [28].
The three eruptive centers studied at Los Nevados have the fact that the saturation depth
occurs at superficial levels for similar HyO-CO; ranges in common, from those deeper for
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the maximum value of HLN2AG6F (8.1 km) and the highest values of depth for HLN2A9,
toward 9.0 km, but the shift in temperatures (Figure 7b) and water contents (Figure 7a)
clearly indicate that HLN2a6 clasts contain certain Mls affected by diffusive loss.

On the map, HLN2AG6 is about 100 m higher than HLN2A9 and diverges from it
500 m along the interpreted 45 °N fissure (Figure 2), which point out from a similar depth
source for the plumbing system between the two emission sites. Despite sharing several
data among the minimum pressures recorded for Chaimilla, the variation in solubility of
the HyO-CO; pairs show distinct pattern (Figure 7a,b). No evidence of common magma
source is discussed here, but the CO, content measured at LNG2 is clearly preserved and
variable in MIs, independently of the presence of observed bubbles.

Another similar trend in general terms corresponds to the fact that there is a high
variability of the CO; content despite the two groups of H,O contents (Figures 5 and 7).
CO; depends strongly on the pressure of the system; at lower pressures its solubility
decreases, and it tends to segregate into a gaseous phase. This process, which depends
on the solubility of volatile species, is consistent with the proposition that the olivine
crystallizing, and inclusion entrapment processes occurred at a shallow depth.

4.3. Eruptive Style Variation

The deposit and pyroclastic fragments of the eruptive centers suggest that these
originated in a Strombolian-style eruption [8]. However, the chronological variations of
pyroclast textures and magma compositions between each center of emissions indicate that
the eruptive dynamics were not constant during the eruption. According to mapping of
the deposit (Figure 1c,d and Figure 2) and stratigraphic columns (rather lateral contacts
and few vertical sections available; Figure S1), the eruptive centers represent series of
cones for which deposits cumulated along the same fracture, from NE to SW. The HLN2a6
series cover the subsequent series of deposits from the other cones, with HLN2a7 covering
HLN2a8 and HLN2a9 being surrounded by lava flows from the previous eruptive centers
(HLN2a8 and HLN2a7) formed at higher altitudes. A relevant parameter when studying the
variations in volatile contents with respect to different fragments is the limited information
on the stratigraphy of the deposit. In the case of this work, the map produced by an
additional campaign (Figure 2) clearly defined the chronology of each volcanic vent, from
the oldest to the newest, as HLN2A9 > HLN2A7 > HLN2AG6 (double-nested).

Previous mapping work [2,3] indicated that, in addition to the presence of scoria cones,
there are also associated lavas continuing down the valley; their origin in the SW sector
(Figure 1b) was confirmed by the photogrammetry results and mapping effort here as being
sourced close to HLN2AS8 vent (Figure 2). The unique field conditions provided quality
orthomosaic pictures, with a close connection of the lava branch to the sector HLN2A7
and HLN2AS8 vents (Figure 2). This suggests effusive activity, like observations of Cono
Navidad on the flank of the Lonquimay stratovolcano [80].

The geometry of the deposit shows that the largest falling pyroclast fragments with
“agglutinated” characteristics are found at the base of the sequence as levee
(Figures S1 and S2, and Figure 2); therefore, they must correspond to early stages of
the eruption. In other eruptive centers, such as HLN2A9, pyroclasts of this type are also
observed in the middle zones and towards the upper sequences of the deposits, also indi-
cating fluctuation in eruptive style. The presence of diagnostic fragments characteristic of a
more effusive activity (spatter, agglutinations, and clasts of fluid morphology) would show
variability in magma viscosity [9].

Vesicular clasts with sideromelane characteristics were possibly formed during Strom-
bolian activity [81] with the occurrence of efficient magmatic degassing; however, it was not
possible to apply a quantitative approach here (e.g., Pelagatos [82,83]), since it is not clear
how the fine to coarse ashes or lapilli size tephra are conserved around the sector, to pro-
ceed with a sideromelane versus tachylite comparison [82]. Instead, detailed petrographic
information on the sampled clasts and a textural study of the inclusion population, with
their size versus water content (Figure 5¢,d), helped us to discriminate the effects of cooling
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rates on the sampled rocks (Section 4.1). For example, the denser clasts in HLN2A®6 are
contained in a few vesicular and rich microlite groundmasses, indicating the solidification
and fragmentation of a relatively cooled and degassed magma, which is also supported
by the shift in S, Cl, and F volatile contents registered in the MlIs (Section 4.2). The clast
cooling rate [63] did not show a direct correlation in this study with the cooling rate of the
inclusion systems, because of our low variety of fragment sizes.

The density of Mls in HLN2A9 and the presence of anomalous inclusions in a single
phenocryst (HLN2A91) also suggest a variety of compositions (Figures 4-6), despite our
expectation of encountering homogenous conditions [84,85]. Physical appearance is often
related to the MI composition [14,15,84,86], and we tested the reproducibility of results
in this phenocryst and observed different textures in distinct sectors of the phenocrysts,
which are not related to growth zones. As the textures are diverse and boundary effects
strongly influence the K,O variation in the inclusion (Figures 4 and 5), it can be proposed
that distinct sectors of HLN2A91 phenocryst did experience direct H,O loss and major
element exchanges due to boundary effects with olivine hosts (proportional to inclusion
size, Figures 4 and 5). The fraction of samples with G3 and G4 MI population on HLN2A91
border, as observed in other olivines, demonstrated frequent larger Mls (>50 pm larger axis)
with dark coffee tone or dark thin border rim at the olivine-inclusion interface, indicating
possible reaction of water with iron species involving water-loss; such features have been
commented for MI that recorded water loss by diffusion [86,87].

According to observations by various authors of samples from volcanic arcs [86],
numerous anomaly inclusions may be related to fast crystallization rates within plumbing
systems, which occur close to the wall rock of shallow conduits (mush zone, [59,85]); this
contrasts with the fact that olivine that develops inclusions necessarily relates to fast crystal
growth, but in this case, a large difference exists between the center of the magma plumbing
system and the relatively cool peripheral portions, where the cooling rate should be faster.
The presence of numerous well-preserved concentric small inclusions (with G2+G3 being
numerous, Table S3 and Figure 4a,b) is particularly notable for the HLN2A9 series in
comparison to the HLN2AG6 series (Table S3), which could be interpreted as an initial close
contact of phenocrysts with the cold plumbing system opening [86], while at the end of the
magma circulation, olivine crystals did not develop such textures [14,15].

As was proposed by Pastén [31], for the three eruptive centers studied (HLN2AS®6,
HLN2A9, and HLN2A?7), the degassing mechanism that occurred during the LGN2 erup-
tion had the potential to fluctuate and affect the explosivity at a single vent. The scenario
was simplified [6-8] and adapted to the HLN site in Figure 8. More specifically, it typi-
cally occurs due to the release of the magmatic volatiles contained in the melt through a
“slug” type of flow regime, driven by the rise and bursting of bubbles [88], for which two
models have been proposed: (1) the so-called “dependent on the ascent speed” and (2) the
“foam collapse”.

Furthermore, the interpreted lower cooling rate of sampled clast (Figure 5) is also
observed with a lower evidence of coalescence between bubbles in this sample (Table S1),
a variation in the late-degassing process could occur with respect to the other eruptive
centers. Comparatively, HLN2A7 and HLN2A9 represent more vesicular pyroclasts with
greater evidence of coalescence, while HLN2AG6 is made up of fewer vesicular and more
crystalline fragments (Figure S4). Considering the differentiated composition (reaching
MI andesite classification; Figure 3), slower quenching rates for olivine-hosted MlIs, the
mentioned clast (micro) textural evidence (Figures S1 and S2, Table S1), and finally the
frequent presence of similar bomb-size crystalline clasts around the vent (Figure 2), the
eruptive center HLN2A6 may represent viscous magmas leading to late explosive processes
compared to HLN2A9 and HLN2A7 (Figure 2).
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5. Conclusions

The petrological characteristics of the scoriaceous clasts analyzed in this paper, and
of the deposits of the three minor eruptive centers associated with the Los Nevados
Subgroup 2 of the Los Nevados Group, suggest variations in the eruptive dynamics of
the erupted magmas. The characteristics of the deposits indicate that the eruptive style
was Strombolian, and the spatial characteristics of the emission centers suggest that the
magmatic location is related to the structural system of the area—mainly to the fractures of
the N60 °E preferential orientation. The spatial variations of the deposits of the eruptive
centers suggest that the transitions in the Strombolian eruptive style could have occurred
both temporally and spatially (Figure 8). The process of construction of the cones was
complex, and two stages could be characterized, beginning downhill at the NE end, but
ending on top of a hill at the SW eruptive center located close to the Caldera 1 from
Villarrica (Figures 1d and 2).

Initially, the eruptive process is interpreted to be rather effusive within the context of
the Strombolian style. This stage was characterized by relatively slow magmatic ascent rates
around 249 Mpa (9.0 km) that allowed for the growth of phenocrysts and the coalescence
of bubbles, which favored the pre-eruptive degassing of the system and facilitated the first
fragmentation processes. Extrusion of spatter and other pyroclastic fragments accumulated
in the flanks of the emission centers along the N60 °E fracture. Evidence of this is found in
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the basal deposits of the eruptive center HLN2A6 and, to a greater extent, in the deposits
of the minor eruptive centers HLN2A9 and HLN2A?7, in which the clasts represent layers
of spatter deposits that changes to layers of scoria deposit. The petrography of the sampled
clasts showed increasing density of micro and macro vesicles. This temporal evolution in
the type of clast (vesicular scoria rather than spatter) would be interesting to quantify, but
somehow the behavior of the gas phase of the system determines to a large extent what the
eruptive dynamics will be and therefore what type of clast is emitted. In turn, the textural
study of MIs in HLN2A9 supports, slow ascent conditions at the beginning and fast cooling
rates for the batch of crystallizing and rising magma through new “cold” fracture systems.

Later, a second stage had more explosive characteristics (also within the Strombolian
eruptive style range) and thus allowed the extrusion of scoriaceous and dense pyroclastic
fragments of MIs basaltic andesite to andesitic compositions. It is proposed that the depres-
surization of the magmatic system (222 to <12 Mpa) caused degassing at the surface level
(lithostatic depths of 8.1 to 0.1 km), and the crystallization of microlites in groundmass
below 90 Mpa (<3.0 km) favored the degassing of the volatiles, together with relatively
slower ascent rates. The degassing of the system also allowed the crystallization of mi-
crolites of plagioclase, then larger differentiation of the melt preserved in Mls at the last
emitting vent (andesitic compositions), which consequently increased the viscosity and
favored the explosiveness of the system at specific volcanic vents along the initial fracture
(vent HLN2A®6).

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ geosciences11080309/s1: Figure S1. Field photography of sampling sites and schematic
stratigraphic columns. Figure S2. Backscattered Electron images. Figure S3. Melt inclusion pop-
ulations in olivine. Figure S4. Pictures from petrographic thin sections. Figure S5. Pictures from
prepared olivine wafers. Figure S6. Post entrapment crystallization corrections of olivine-hosted melt
inclusions. Figure S7. Microanalysis of melt inclusions: preparation and data processing. Table S1.
Petrographic description of thin sections. Table S2. Bulk rock analysis Table S3. Textural characteris-
tics of inclusions at the eruptive centers HLN2A9, HLN2A6, and HLN2A?. Table S4. Glass standard
duplicates, EMPA 2019 session. Table S5. H,O-CO, contents from FTIR. Table S6. Determination
of carbon dioxide content with FTIR. Table S7. Volatiles and major elements in olivine-hosted melt
inclusions and glass rims. Table S8. Chemistry of glass surfaces by EMPA. Table S9. Chemistry of
olivine minerals by EMPA. Supplementary material Video S1. Drone flight survey of the Los Nevados
Subgroup 2: SW Sector.

Author Contributions: Conceptualization, PR. and D.P. (Daniela Pasten); methodology, PR., G.L.,
D.P. (Daniela Pasten), G.D. and D.P. (Dante Paredes); software, P.R., G.D. and D.P. (Dante Paredes);
validation, PR., G.L. and D.P. (Daniela Pasten); formal analysis, P.R., D.P. (Daniela Pasten), G.D. and
D.P. (Dante Paredes); investigation, P.R. and D.P. (Daniela Pasten); resources, PR. and G.L.; data
curation, PR., D.P. (Daniela Pasten), G.D. and D.P. (Dante Paredes); writing—original draft prepa-
ration, P.R., D.P. (Daniela Pasten) and G.L.; writing—review and editing, P.R., D.P. (Daniela Pasten)
and G.L.; visualization, PR., G.L., D.P. (Daniela Pasten), G.D. and D.P. (Dante Paredes); supervision,
P.R.; project administration, P.R.; funding acquisition, PR. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by (ANID) Fondecyt Iniciacion a la Investigacion de Philippe
Robidoux, Etapa 2020, grant number N11190816. Additional resources were obtained via Start Up
from Vicerrectoria de Investigacion—Universidad Mayor (2017-2019).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Nor applicable.

Data Availability Statement: Digital elevation model (DEM) of 12.5 m resolution (DEM ALOS-
PALSAR; https:/ /vertex.daac.asf.alaska.edu, accessed on 11 December 2018). This raster image corre-
sponds to Data available in a publicly accessible repository which hold the specific
doi:10.5067 / Z97HFCNKR6VA.


https://www.mdpi.com/article/10.3390/geosciences11080309/s1
https://www.mdpi.com/article/10.3390/geosciences11080309/s1
https://vertex.daac.asf.alaska.edu

Geosciences 2021, 11, 309 23 of 26

Acknowledgments: Philippe Robidoux would like to acknowledge the ANID-FONDAP Project
15090013 and 15200001 granted to the Andean Geothermal Centre of Excellence (CEGA), as well
as to Piergiorgio Scarlato and Manuela Nazzari, for allowing access to the HPHT laboratory of
INGV in Rome, Italy, for electron microprobe analysis. Special thanks are given to Marina Vega
(Laboratorio de Fluidos Corticales, UNAM, Juriquilla, Mexico) for helping with the SEM and FTIR
analysis. Special recognition is given to former graduate students Aaron Sancho (U. Mayor), Gianni
Russo Melchiori (alpine guide, Pucén) who assisted with the field rock sampling and finally Alberto
Espinoza (Transmark), who processed the photogrammetry images.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Stern, C.R. Active Andean volcanism: Its geologic and tectonic setting. Rev. Geol. Chile 2004, 31, 161-206. [CrossRef]

2. Clavero, J.; Moreno, H. Evolution of Villarrica Volcano. In Villarrica Volcano (39.5°), Southern Andes, Chile; Servicio Nacional de
Geologia y Mineria: Providencia, Chile, 2004; pp. 17-27.

3. Moreno, H.; Clavero, J. Geologia del Volcin Villarrica—Regiones de La Araucania y de Los Lagos; Carta Geoldgica Basica, No. 98, 35 p.,
1 mapa escala 1:50.000; Servicio Nacional de Geologia y Mineria: Providencia, Chile, 2006.

4. Kereszturi, G.; Németh, K. Monogenetic basaltic volcanoes: Genetic classification, growth, geomorphology and degradation.
In Updates in Volcanology—New Advances in Understanding Volcanic System; Németh, K., Ed.; InTech Open: Rijeka, Croatia, 2010;
pp- 3-88.

5. Smith, I.; Németh, K. Source to Surface Model of Monogenetic Volcanism: A Critical Review; Special Publications; Geological Society:
London, UK, 2017; Volume 446, pp. 1-28.

6.  Parfitt, E.A.; Wilson, L. Explosive volcanic eruptions -IX. The transition between Hawaiian-style lava fountaining and Strombolian
explosive activity. Geophys. J. Int. 1995, 226, 121. [CrossRef]

7. Pioli, L.; Erlund, E.; Johnson, E.; Cashman, K.; Wallace, P; Rosi, M.; Granados, H.D. Explosive dynamics of violent Strombolian
eruptions: The eruption of Paricutin Volcano 1943-1952 (Mexico). Earth Planet. Sci. Lett. 2008, 271, 359-368. [CrossRef]

8.  Cassidy, M.; Manga, M.; Cashman, K.; Bachmann, O. Controls on explosive-effusive volcanic eruption styles. Nat. Commun. 2018,
9, 2839. [CrossRef]

9.  Cashman, K. Volatile controls on magma ascent and eruption. In The State of the Planet: Frontiers and Challenges; Geophysics AGU
Geophys Monogr Series 150; Sparks, R.S.J., Hawkesworth, C.J., Eds.; 2004; pp. 109-124.

10. Sparks, R.S.J. The dynamics of bubble formation and growth in magmas: A review and analysis. ]. Volcanol. Geotherm. Res. 1978,
3,1-37. [CrossRef]

11. Sparks, R.S.].; Barclay, J.; Jaupart, C.; Mader, H.M.; Phillips, ].C. Chapter 11a. Physical Aspects of Magma Degassing I. Experimen-
tal and theoretical constraints on vesiculation. Volatiles Magmas 2018, 413-446. [CrossRef]

12.  Métrich, N.; Wallace, PJ. Volatile abundances in basaltic magmas and their degassing paths tracked by melt inclusions. Rev.
Mineral. Geochem. 2008, 69, 363—402. [CrossRef]

13.  Wallace, P. Volatiles in subduction zone magmas; concentrations and fluxes based on melt inclusion and volcanic gas data.
J. Volcanol. Geotherm. Res. 2005, 140, 217-240. [CrossRef]

14. Roedder, E. Origin and significance of magmatic inclusions. Bull. Mineral. 1979, 102, 487-510. [CrossRef]

15. Roedder, E. Volume 12: Fluid inclusions. Rev. Miner. 1984, 12, 12.

16. Jacques, G.; Hoernle, K; Gill, ].; Wehrmann, H.; Bindeman, I.; Lara, L. Geochemical variations in the Central Southern Volcanic
Zone, Chile (38-43 °S): The role of fluids in generating arc magmas. Chem. Geol. 2014, 371, 27-45. [CrossRef]

17.  Lopez, L.; Cembrano, J.; Moreno, H. Geochemistry and tectonics of the chilean Southern Andes basaltic Quaternary volcanism
(37°-46°S). Rev. Geol. Chile 1995, 22, 219-234.

18. Cembrano, J.; Lara, L. The link between volcanism and tectonic in the southern volcanic zone of the Chilean Andes: A review.
Tectonophysics 2009, 471, 96-113. [CrossRef]

19. McGee, L.E.; Brahm, R.; Rowe, M.C.; Handley, H K.; Morgado, E.; Lara, L.E.; Turner, M.B.; Vinet, N.; Parada, M.-A.; Valdivia, P. A
geochemical approach to distinguishing competing tectono-magmatic processes preserved in small eruptive centres. Contrib.
Mineral. Petrol. 2017, 172, 44. [CrossRef]

20. Lara, L.E.; Naranjo, J.A.; Moreno, H. Lanin volcano (39.5 °S), Southern Andes: Geology and morphostructural evolution. Rev.
Geol. Chile 2004, 31, 241-257. [CrossRef]

21. Parejas, C.S.; Druitt, T.H.; Robin, C.; Moreno, H.; Naranjo, J.A. The Holocene Pucén eruption of Volcan Villarrica, Chile: Deposit
architecture and eruption chronology. Bull. Volcanol. 2010, 72, 677-692. [CrossRef]

22. Dzierma, Y.; Wehrmann, H. Eruption time series statistically examined: Probabilities of future eruptions at Villarrica and Llaima
Volcanoes, Southern Volcanic Zone, Chile. |. Volcanol. Geotherm. Res. 2010, 193, 82-92. [CrossRef]

23.  Wehrmann, H.; Dzierma, Y. Applicability of statistical eruption analysis to the geological record of Villarrica and Lanin volcanoes,

Southern Volcanic Zone, Chile. J. Volcanol. Geotherm. Res. 2011, 200, 99-115. [CrossRef]


http://doi.org/10.4067/S0716-02082004000200001
http://doi.org/10.1111/j.1365-246X.1995.tb03523.x
http://doi.org/10.1016/j.epsl.2008.04.026
http://doi.org/10.1038/s41467-018-05293-3
http://doi.org/10.1016/0377-0273(78)90002-1
http://doi.org/10.1515/9781501509674-017
http://doi.org/10.2138/rmg.2008.69.10
http://doi.org/10.1016/j.jvolgeores.2004.07.023
http://doi.org/10.3406/bulmi.1979.7299
http://doi.org/10.1016/j.chemgeo.2014.01.015
http://doi.org/10.1016/j.tecto.2009.02.038
http://doi.org/10.1007/s00410-017-1360-2
http://doi.org/10.4067/S0716-02082004000200004
http://doi.org/10.1007/s00445-010-0348-9
http://doi.org/10.1016/j.jvolgeores.2010.03.009
http://doi.org/10.1016/j.jvolgeores.2010.11.009

Geosciences 2021, 11, 309 24 of 26

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.
38.
39.
40.
41.
42.

43.

44.

45.

46.

47.

48.

49.

Castruccio, A.; Clavero, J.; Rivera, A. Comparative study of lahars generated by the 1961 and 1971 eruptions of Calbuco and
Villarrica volcanoes, Southern Andes of Chile. ]. Volcanol. Geotherm. Res. 2010, 190, 297-311. [CrossRef]

Morgado, E.; Parada, M.A.; Contreras, C.; Castruccio, A.; Gutiérrez, F.; McGee, L.E. Contrasting records from mantle to surface of
Holocene lavas of two nearby arc volcanic complexes: Caburgua-Huelemolle Small Eruptive Centers and Villarrica Volcano,
Southern Chile. J. Volcanol. Geotherm. Res. 2015, 306, 1-16. [CrossRef]

Pizarro, C.; Parada, M.A.; Contreras, C.; Morgado, E. Cryptic magma recharge associated with the most voluminous 20th century
eruptions (1921, 1948 and 1971) at Villarrica Volcano. J. Volcanol. Geotherm. Res. 2019, 384, 48—63. [CrossRef]

Costantini, L.; Pioli, L.; Bonadonna, C.; Clavero, J.; Longchamp, C. A late Holocene explosive mafic eruption of Villarrica volcano,
Southern Andes: The Chaimilla deposit. J. Volcanol. Geotherm. Res. 2011, 200, 143-158. [CrossRef]

Pioli, L.; Scalisi, L.; Costantini, L.; Di Muro, A.; Bonadonna, C.; Clavero, J. Explosive style, magma degassing and evolution in the
Chaimilla eruption, Villarrica volcano, Southern Andes. Bull. Volcanol. 2015, 77, 93. [CrossRef]

Hickey-Vargas, R.; Roa, H.M.; Escobar, L.L.; Frey, FA. Geochemical variations in Andean basaltic and silicic lavas from the
Villarrica-Lanin volcanic chain (39.5 S): An evaluation of source heterogeneity, fractional crystallization, and crustal assimilation.
Contrib. Mineral. Petrol. 1989, 103, 361-386. [CrossRef]

Hickey-Vargas, R.; Sun, M.; Lopez-Escobar, L.; Moreno-Roa, H.; Reagan, M.K.; Morris, ].D.; Ryan, J.G. Multiple subduction
components in the mantle wedge: Evidence from eruptive centers in the Central Southern volcanic zone, Chile. Geology 2002, 30,
199-202. [CrossRef]

Pastén, D. Relacion Entre Estilos de Desgasificacion y Eruptivos en Los Centros Eruptivos Menores Los Nevados, Andes del Sur,
Memoria Entregada a La Universidad Mayor en Cumplimiento de Los Requisitos Para Optar al Titulo de Gedloga. Bachelor’s
Thesis, Universidad Mayor, Escuela de Geologia, Santiago, Chile, 2018.

Liu, E.J.; Wood, K.; Mason, E.; Edmonds, M.; Aiuppa, A.; Giudice, G.; Bitetto, M.; Francofonte, V.; Burrow, S.; Richardson, T.; et al.
Dynamics of outgassing and plume transport revealed by proximal Unmanned Aerial System (UAS) measurements at Volcan
Villarrica, Chile. Geochem. Geophys. Geosyst. 2019, 20, 730-750. [CrossRef]

Stix, J.; de Moor, ].M.; Ridiger, J.; Alan, A.; Corrales, E.; D’Arcy, F; Diaz, ]J.A.; Liotta, M. Using drones and miniaturized
instrumentation to study degassing at Turrialba and Masaya volcanoes, Central America. . Geophys. Res. Solid Earth 2018, 123,
6501-6520. [CrossRef]

Sona, G.; Pinto, L.; Pagliari, D.; Passoni, D.; Gini, R. Experimental analysis of different software packages for orientation and
digital surface modelling from UAV images. Earth Sci. Inform. 2014, 7, 97-107. [CrossRef]

Turner, D.; Lucieer, A.; Malenovsky, Z.; King, D.H.; Robinson, S.A. Spatial co-registration of ultra-high resolution visible,
multispectral and thermal images acquired with a micro-UAV over Antarctic moss beds. Remote Sens. 2014, 6, 4003—4024.
[CrossRef]

Carrera-Hernandez, J.J.; Levresse, G.; Lacan, P. Is UAV-SfM surveying ready to replace traditional surveying techniques? Int. J.
Remote Sens. 2020, 41, 4820-4837. [CrossRef]

Robidoux, P; Frezzotti, M.L.; Hauri, E.H.; Aiuppa, A. Shrinkage Bubbles: The C-O-H-S Magmatic Fluid System at San Cristobal
Volcano. J. Petrol. 2018, 59, 2093-2122. [CrossRef]

Bodnar, R.J.; Student, J.J.; Webster, J.D. Melt inclusions in plutonic rocks: Petrography and microthermometry. Melt Incl. Plutonic
Rocks 2006, 36, 1-25.

TIhinger, P.D.; Hervig, R.L.; McMillan, PF. Analytical methods for volatiles in glasses. Volatiles Magmas 2018, 67-122. [CrossRef]
Ochs, F; Lange, R. The Density of Hydrous Magmatic Liquids. Science 1999, 283, 1314-1317. [CrossRef]

Dixon, J.E.; Stolper, E.; Delaney, ].R. Infrared spectroscopic measurements of CO2 and H20 in Juan de Fuca Ridge basaltic glasses.
Earth Planet. Sci. Lett. 1988, 90, 87-104. [CrossRef]

Nishikida, K.; Nishio, E.; Hannah, R.W. Selected Applications of Modern FT-IR Techniques; Gordon and Breach; CRC Press: London,
UK, 1996; p. 200.

von Aulock, F.; Kennedy, B.; Schipper, C.I.; Castro, J.; Martin, D.E.; Oze, C.; Watkins, J.; Wallace, P.; Puskar, L.; Bégué, F.; et al.
Advances in Fourier transform infrared spectroscopy of natural glasses: From sample preparation to data analysis. Lithos 2014,
206, 52-64. [CrossRef]

Dixon, J.E.; Stolper, EEIM. An experimental study of water and carbon dioxide solubilities in mid-ocean ridge basaltic liquids. Part
II: Applications to degassing. J. Petrol. 1995, 36, 1633-1646.

Fine, G.; Stolper, E. Dissolved carbon dioxide in basaltic glasses: Concentrations and speciation. Earth Planet. Sci. Lett. 1986, 76,
263-278. [CrossRef]

Newman, S.; Stolper, E.; Stern, R. HO and CO, in magmas from the Mariana arc and back arc systems. Geochem. Geophys. Geosyst.
2000, 1. [CrossRef]

Dixon, J.E.; Pan, V. Determination of the molar absorptivity of dissolved carbonate in basanitic glass. Am. Mineral. 1995, 80,
1339-1342. [CrossRef]

Hauri, E.; Wang, J.; Dixon, ].E.; King, PL.; Mandeville, C.; Newman, S. SIMS analysis of volatiles in silicate glasses: 1. Calibration,
matrix effects and comparisons with FTIR. Chem. Geol. 2002, 183, 99-114. [CrossRef]

Wehrmann, H.; Hoernle, K.; Garbe-Schoénberg, D.; Jacques, G.; Mahlke, ].; Schumann, K. Insights from trace element geochemistry
as to the roles of subduction zone geometry and subduction input on the chemistry of arc magmas. Int. J. Earth Sci. 2014, 103,
1929-1944. [CrossRef]


http://doi.org/10.1016/j.jvolgeores.2009.12.005
http://doi.org/10.1016/j.jvolgeores.2015.09.023
http://doi.org/10.1016/j.jvolgeores.2019.07.001
http://doi.org/10.1016/j.jvolgeores.2010.12.010
http://doi.org/10.1007/s00445-015-0976-1
http://doi.org/10.1007/BF00402922
http://doi.org/10.1130/0091-7613(2002)030&lt;0199:MSCITM&gt;2.0.CO;2
http://doi.org/10.1029/2018GC007692
http://doi.org/10.1029/2018JB015655
http://doi.org/10.1007/s12145-013-0142-2
http://doi.org/10.3390/rs6054003
http://doi.org/10.1080/01431161.2020.1727049
http://doi.org/10.1093/petrology/egy092
http://doi.org/10.1515/9781501509674-008
http://doi.org/10.1126/science.283.5406.1314
http://doi.org/10.1016/0012-821X(88)90114-8
http://doi.org/10.1016/j.lithos.2014.07.017
http://doi.org/10.1016/0012-821X(86)90078-6
http://doi.org/10.1029/1999GC000027
http://doi.org/10.2138/am-1995-11-1224
http://doi.org/10.1016/S0009-2541(01)00375-8
http://doi.org/10.1007/s00531-013-0917-1

Geosciences 2021, 11, 309 25 of 26

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.
60.

61.

62.

63.

64.

65.

66.
67.

68.

69.
70.

71.

72.

73.

74.

75.

76.
77.
78.
79.

80.

Held, S.; Schill, E.; Schneider, J.; Nitschke, F; Morata, D.; Neumann, T.; Kohl, T. Geochemical characterization of the geothermal
system at Villarrica volcano, Southern Chile; Part 1: Impacts of lithology on the geothermal reservoir. Geothermics 2018, 74,
226-239. [CrossRef]

Tormey, D.R.; Hickey-Vargas, R.; Frey, EA.; Lopez-Escobar, L. Recent lavas from the Andean volcanic front (33 to 42 S);
interpretations of along-arc compositional variations. Andean Magmat. Tecton. Setting Geol. Soc. Am. Spec. Pap. 1991, 265, 57-77.
Lowenstern, ].B. Dissolved volatile concentrations in an ore-forming magma. Geology 1994, 22, 893-896. [CrossRef]

Moore, L.; Gazel, E.; Tuohy, R.; Lloyd, A.; Esposito, R.; Steele-MacInnis, M.; Hauri, E.H.; Wallace, PJ.; Plank, T.; Bodnar, R.J.
Bubbles matter: An assessment of the contribution of vapor bubbles to melt inclusion volatile budgets. Am. Mineral. 2015, 100,
806-823. [CrossRef]

Stolper, E. Water in silicate glasses: An infrared spectroscopic study. Contrib. Mineral. Petrol. 1982, 81, 1-17. [CrossRef]

Nichols, A.R.; Wysoczanski, R.J. Using micro-FTIR spectroscopy to measure volatile contents in small and unexposed inclusions
hosted in olivine crystals. Chem. Geol. 2007, 242, 371-384. [CrossRef]

Danyushevsky, L.V.; Plechov, P. Petrolog3: Integrated software for modeling crystallization processes. Geochem. Geophys. Geosyst.
2011, 12. [CrossRef]

Kress, V.C.; Carmichael, I.S. Stoichiometry of the iron oxidation reaction in silicate melts. Am. Mineral. 1988, 73, 1267-1274.
Kress, V.C.; Carmichael, I.S. The compressibility of silicate liquids containing Fe,O3 and the effect of composition, temperature,
oxygen fugacity and pressure on their redox states. Contrib. Mineral. Petrol. 1991, 108, 82-92. [CrossRef]

Marsh, B.D. On the interpretation of crystal size distributions in magmatic systems. J. Petrol. 1998, 39, 553-599. [CrossRef]
Armienti, P,; Pareschi, M.T.; Innocenti, F.; Pompilio, M. Effects of magma storage and ascent on the kinetics of crystal growth.
Contrib. Mineral. Petrol. 1994, 115, 402-414. [CrossRef]

Nelson, S.T.; Montana, A. Sieve-textured plagioclase in volcanic rocks produced by rapid decompression. Am. Mineral. 1992, 77,
1242-1249.

Johnson, E.; Wallace, P.; Cashman, K.; Delgado Granados, H.; Kent, A. Magmatic volatile contents and degassing-induced
crystallization at Volcan Jorullo, Mexico: Implications for melt evolution and the plumbing systems of monogenetic volcanoes.
Earth Planet. Sci. Lett. Res. 2008, 269, 477-486. [CrossRef]

Lloyd, A.S.; Plank, T.; Ruprecht, P.; Hauri, E.H.; Rose, W. Volatile loss from melt inclusions in pyroclasts of differing sizes. Contrib.
Mineral. Petrol. 2013, 165, 129-153. [CrossRef]

Sisson, T.W.; Layne, G.D. H,O in basalt and basaltic andesite glass inclusions from four subduction-related volcanoes. Earth
Planet. Sci. Lett. 1993, 117, 619-635. [CrossRef]

Chen, Y.; Provost, A.; Schiano, P.; Cluzel, N. The rate of water loss from olivine-hosted melt inclusions. Contrib. Mineral. Petrol.
2011, 162, 625-636. [CrossRef]

Qin, Z.; Lu, E; Anderson, A.T. Diffusive reequilibration of melt and fluid inclusions. Am. Mineral. 1992, 77, 565-576.

De Maisonneuve, C.B.; Dungan, M.A.; Bachmann, O.; Burgisser, A. Insights into shallow magma storage and crystallization at
Volcan Llaima (Andean southern volcanic zone, Chile). J. Volcanol. Geotherm. Res. 2012, 211, 76-91. [CrossRef]

Cervantes, P.; Wallace, P. Magma degassing and basaltic eruption styles: A case study of ~2000 year BP Xitle volcano in central
Mexico. J. Volcanol. Geotherm. Res. 2003, 120, 249-270. [CrossRef]

Berlo, K.; Stix, J.; Roggensack, K.; Ghaleb, B. A tale of two magmas, Fuego, Guatemala. Bull. Volcanol. 2012, 74, 377-390. [CrossRef]
Rust, A.C.; Cashman, K.V. Permeability controls on expansion and size distributions of pyroclasts. . Geophys. Res. Solid Earth
2011, 116. [CrossRef]

Iacono-Marziano, G.; Morizet, Y.; Le Trong, E.; Gaillard, F. New experimental data and semi-empirical parameterization of
H,0-CO; solubility in mafic melts. Geochim. Cosmochim. Acta 2012, 97, 1-23. [CrossRef]

Mironov, N.; Portnyagin, M.; Botcharnikov, R.; Gurenko, A.; Hoernle, K.; Holtz, F. Quantification of the CO, budget and H,O-CO,
systematics in subduction-zone magmas through the experimental hydration of melt inclusions in olivine at high H,O pressure.
Earth Planet. Sci. Lett. 2015, 425, 1-11. [CrossRef]

Aster, E.M.; Wallace, PJ.; Moore, L.R.; Watkins, J.; Gazel, E.; Bodnar, R.J. Reconstructing CO2 concentrations in basaltic melt
inclusions using Raman analysis of vapor bubbles. . Volcanol. Geotherm. Res. 2016, 323, 148-162. [CrossRef]

Venugopal, S.; Schiavi, E.; Moune, S.; Bolfan-Casanova, N.; Druitt, T.; Williams-Jones, G. Melt inclusion vapour bubbles: The
hidden reservoir for major and volatile elements. Sci. Rep. 2020, 10, 9034. [CrossRef] [PubMed]

Schiavi, E; Bolfan-Casanova, N.; Buso, R.; Laumonier, M.; Laporte, D.; Medjoubi, K.; Venugopal, S.; Gémez-Ulla, A.; Cluzel, N.;
Hardiagon, M. Quantifying magmatic volatiles by Raman microtomography of glass inclusion-hosted bubbles. Geochem. Perspect.
Lett. 2020, 16, 17-24. [CrossRef]

Webster, ].D.; Kinzler, R.].; Mathez, E.A. Chloride and water solubility in basalt and andesite melts and implications for magmatic
degassing. Geochim. Cosmochim. Acta 1999, 63, 729-738. [CrossRef]

Aiuppa, A.; Baker, D.R.; Webster, J.D. Halogens in volcanic systems. Chem. Geol. 2009, 263, 1-18. [CrossRef]

Martini, M. On the behaviour of fluorine in volcanic processes. Bull. Volcanol. 1984, 47, 483-489. [CrossRef]

Moune, S.; Gauthier, PJ.; Gislason, S.R.; Sigmarsson, O. Trace element degassing and enrichment in the eruptive plume of the
2000 eruption of Hekla volcano, Iceland. Geochim. Cosmochim. Acta 2006, 70, 461-479. [CrossRef]

Moreno, H.; Gardeweg, M.C. La erupcién reciente en el complejo volcanico Lonquimay (Diciembre 1988), Andes del Sur. Andean
Geol. 1989, 16, 93-117.


http://doi.org/10.1016/j.geothermics.2018.03.004
http://doi.org/10.1130/0091-7613(1994)022&lt;0893:DVCIAO&gt;2.3.CO;2
http://doi.org/10.2138/am-2015-5036
http://doi.org/10.1007/BF00371154
http://doi.org/10.1016/j.chemgeo.2007.04.007
http://doi.org/10.1029/2011GC003516
http://doi.org/10.1007/BF00307328
http://doi.org/10.1093/petroj/39.4.553
http://doi.org/10.1007/BF00320974
http://doi.org/10.1016/j.epsl.2008.03.004
http://doi.org/10.1007/s00410-012-0800-2
http://doi.org/10.1016/0012-821X(93)90107-K
http://doi.org/10.1007/s00410-011-0616-5
http://doi.org/10.1016/j.jvolgeores.2011.09.010
http://doi.org/10.1016/S0377-0273(02)00401-8
http://doi.org/10.1007/s00445-011-0530-8
http://doi.org/10.1029/2011JB008494
http://doi.org/10.1016/j.gca.2012.08.035
http://doi.org/10.1016/j.epsl.2015.05.043
http://doi.org/10.1016/j.jvolgeores.2016.04.028
http://doi.org/10.1038/s41598-020-65226-3
http://www.ncbi.nlm.nih.gov/pubmed/32494034
http://doi.org/10.7185/geochemlet.2038
http://doi.org/10.1016/S0016-7037(99)00043-5
http://doi.org/10.1016/j.chemgeo.2008.10.005
http://doi.org/10.1007/BF01961220
http://doi.org/10.1016/j.gca.2005.09.011

Geosciences 2021, 11, 309 26 of 26

81.
82.

83.

84.

85.
86.

87.

88.

Heiken, G.; Wohletz, K. Fragmentation processes in explosive volcanic eruptions. Sediment. Volcan. Settings 1991, 19-26.
Guilbaud, M.N.; Siebe, C.; Agustin-Flores, ]. Eruptive style of the young high-Mg basaltic-andesite Pelagatos scoria cone,
southeast of México City. Bull. Volcanol. 2009, 71, 859-880. [CrossRef]

Roberge, J.; Guilbaud, M.N.; Mercer, C.N.; Reyes-Luna, P.C. Insight into monogenetic eruption processes at Pelagatos volcano,
Sierra Chichinautzin, Mexico: A combined melt inclusion and physical volcanology study. In The Role of Volatiles in the Genesis,
Evolution and Eruption of Arc Magmas; Zellmer, G.F., Edmonds, M., Straub, S.M., Eds.; Special Publications; Geological Society:
London, UK, 2015; Volume 410.

Esposito, R.; Hunter, J.; Schiffbauer, ].D.; Shimizu, N.; Bodnar, R.J. An assessment of the reliability of melt inclusions as recorders
of the pre-eruptive volatile content of magmas. Am. Mineral. 2014, 99, 976-998. [CrossRef]

Sinton, ].M.; Detrick, R.S. Mid-ocean ridge magma chambers. J. Geophys. Res. Solid Earth 1992, 97, 197-216. [CrossRef]
Danyushevsky, L.V.; McNeill, A.W.; Sobolev, A.V. Experimental and petrological studies of melt inclusions in phenocrysts from
mantle-derived magmas: An overview of techniques, advantages and complications. Chem. Geol. 2002, 183, 5-24. [CrossRef]
Danyushevsky, L.V.; FNDella-Pasqua, S. Sokolov, Re-equilibration of melt inclusions trapped by magnesian olivine phenocrysts
from subduction-related magmas: Petrological implications. Contrib Miner. Pet. 2000, 138, 68-83. [CrossRef]

Pering, T.D.; McGonigle, A]J.S.; James, M.R.; Capponi, A.; Lane, S.J.; Tamburello, G.; Aiuppa, A. The dynamics of slug trains in
volcanic conduits: Evidence for expansion driven slug coalescence. J. Volcanol. Geotherm. Res. 2017, 348, 26-35. [CrossRef]


http://doi.org/10.1007/s00445-009-0271-0
http://doi.org/10.2138/am.2014.4574
http://doi.org/10.1029/91JB02508
http://doi.org/10.1016/S0009-2541(01)00369-2
http://doi.org/10.1007/PL00007664
http://doi.org/10.1016/j.jvolgeores.2017.10.009

	Introduction 
	Geological and Volcanological Setting 
	Local Setting: Los Nevados Group 

	Materials and Methods 
	Field Work 
	Unmanned Aerial Vehicle (UAV) Survey 
	Petrography 
	Scanning Electron Microscope 
	Populations of Olivine 
	Fourier Transform Infrared Microspectrometry (FTIR) 
	Electron Microprobe Analyzer (EMPA) 

	Results 
	Petrographic Characteristics of the Deposits 
	Deposit HLN2a6 
	Deposit HLN2a7 
	Deposit HLN2a9 

	Bulk Rock Chemistry 
	Olivine Populations 
	Infrared Microscopy 
	Melt Inclusions and Matrix Glass Composition 
	Volatile Contents 

	Discussion 
	Textural Relationships: Implications of Melt Inclusions and Clast Cooling Rates 
	Degassing Mechanisms 
	Eruptive Style Variation 

	Conclusions 
	References

