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ABSTRACT

The component variability in Puyehue-Cordén Caulle Volcanic Complex (PCCVC) products reflects the inherent complexity of
volcanic processes. We examine pyroclastic deposits from Cordén Caulle (2011 and 1960 eruptions) and Puyehue (MH tephra)
in a profile ~20 km windward of the PCCVC. All levels have comparable components (pumice, scoria, glass shards, crystals), but
their proportions vary according to the dominant eruptive style in both vent sources. The particle microtextures combined with
mineralogy and geochemistry differentiate juvenile from non-juvenile particles in macroscopically undifferentiated components,
questioning prior assumptions. Highly vesicular pumice is the dominant juvenile component indicating decompression-driven
gas exsolution processes. Juvenile blocky glass shards/obsidians, frequently associated with lithics, now provide insights into
the potential higher involvement of magma in the phreatomagmatic phases of the MH deposit. Nevertheless, the variability
of tephra components is a characteristic of the PCCVC, regardless of the juvenile or lithic character. This research refines
tephrochronological tools and deepens our understanding of volcanic processes and deposits in the PCCVC.

RESUMEN

La variabilidad de componentes en los productos del Complejo Volcénico Puyehue-Corddn Caulle (CVPCC) refleja la compleji-
dad inherente de los procesos volcanicos. En este trabajo, examinamos depdsitos piroclasticos de Cordén Caulle (erupciones
de 2011y 1960) y Puyehue (tefra MH) en un perfil a ~20 km al sudeste del CVPCC. Todos los niveles presentan componentes
comparables (pdmez, escoria, fragmentos de vidrio, cristales), pero sus proporciones varian segun el estilo eruptivo dominante
en ambos centros de emision. Las microtexturas de las particulas, combinadas con mineralogia y geoquimica, permiten dife-
renciar particulas juveniles de no juveniles en componentes que son macroscépicamente similares, cuestionando suposiciones
previas. La pémez altamente vesiculada es el componente juvenil dominante, lo que indica procesos de desgasificacién im-
pulsados por la descompresidn. Los fragmentos angulosos de vidrio juvenil/obsidiana, frecuentemente asociados con liticos,
ahora aportan informacion sobre la posible mayor participacion de magma en las fases freatomagmaticas del depésito MH. No
obstante, la variabilidad de los componentes de |a tefra es una caracteristica del CVPCC, mds alla del caracter juvenil o litico.
Esta investigacion mejora las herramientas de tefrocronologia y profundiza nuestra comprension de los procesos volcanicos y
los depositos en el CVPCC.

KeywoRrbs: Tephra; Morphology; Microtexture; Mineralogy; Geochemistry; Southern Volcanic Zone.

1 INTRODUCTION

The characterization of pyroclastic materials and their associ-
ation with a specific source (a particular eruption or volcano)
is essential to enable the use of tephras as stratigraphic mark-
ers on a regional scale. Tephra layers are considered instan-
taneous deposits in geological times, since large volumes of
material generated by explosive volcanic eruptions can be dis-
persed several hundred kilometres covering different environ-
ments in hours or days. This characteristic of tephra deposits,
together with the advances in the study of its components,
has allowed the development of tephrochronology to support
the dating of widespread sedimentary settings [Lowe 2011,
Di Roberto et al. 2021; Alloway et al. 2022]. Moreover, the
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potential for analysing the processes involved in eruption dy-
namics [Weller et al. 2019; Thivet et al. 2022] further under-
scores the significance of these advancements in tephra stud-
ies.

When possible, the analysis of tephras requires several ap-
proaches of study, from the identification of the deposit in
the field and its sedimentary features, the internal component
and grain size variations, to the microscopic textural and geo-
chemical analysis of the volcanic glass and mineral phases im-
mersed [Lowe 2011]. Determining the concentrations of trace
elements is one of the most powerful tools to identify different
volcanic sources, relevant for the reconstruction of the erup-
tive chronology in different sedimentary environments [Lowe
et al. 2017; Del Carlo et al. 2018]. In addition, textural charac-
terization also provides information about magmatic processes
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that occur both in the chamber and during magma ascent to
the surface, such as volatile exsolution, magma fragmentation,
further recrystallization events, etc. [Platz et al. 2007; Kratz-
mann et al. 2009; Jones and Russell 2017; Paredes-Marino et
al. 2017; Matsumoto and Geshi 2021]. Also, different volcanic
pulses or events of different explosive energies can generate
a wide variety of typologies, grain size distributions, textures,
and composition of juvenile fragments [Lautze and Houghton
2007; Cioni et al. 2015]. The study of these characteristics in
the tephra deposits and the stratigraphic variations can give
clues to understanding the eruptive dynamics, allowing one
to infer the eruptive style of a volcano and its temporal varia-
tions, improving also the information for correlating purposes
[Toramaru et al. 2008; Mujin and Nakamura 2014].

The Southern Volcanic Zone (SVZ, 33-46°S) of the Andes
comprises numerous volcanoes with activity of variable in-
tensity during the Holocene [Stern 2004]. At these latitudes,
particularly, the predominant wind direction from the west
occurs 85% of the year [Paruelo et al. 1998] and allows the
dispersion of tephra towards the east. In general, the py-
roclastic deposits can be eroded or obliterated by the com-
plexity of the volcanic processes in the proximal area, and
complete sequences are rarely preserved within the first kilo-
meters (5-10 km) from the vent. However, in medial posi-
tions to the eruptive centers [10-50 km; Cioni et al. 2015],
remarkably well-preserved tephra deposits downwind in the
forested basins of southern Chile and Argentina have been de-
fined [Naranjo and Stern 1998; 2004; Lara and Moreno 2006;
Singer et al. 2008; Stern 2008; Watt et al. 2011; Fontijn et al.
2014; Rawson et al. 2015]. Although several recent studies
have shown that the frequency of volcanic activity in this seg-
ment is underestimated [Amigo et al. 2013; Rawson et al. 2015;
Fontijn et al. 2016], most of the volcanic centers that comprise
it have generated large explosive postglacial eruptions. These
eruptions produced regional marker deposits, very useful to
synchronize medial to distal sedimentary archives.

Among southern Andean volcanoes, the Puyehue-Cordén
Caulle Volcanic Complex (PCCVC) is one of the most im-
portant due to the frequent activity during the last century
and the well-preserved regional tephra fall deposits generated,
derived from silicic explosive eruptions [Gerlach et al. 1988;
Lara and Moreno 2006]. Recently, tephrostratigraphic studies
have reconstructed PCCVC Holocene deposits and character-
ized them on a regional scale facilitating their identification
for long distances [Naranjo et al. 2017; Alloway et al. 2022].
However, with the exception of the studies in products from
the Cordén Caulle 2011 eruption, detailed petro-textural stud-
ies of the different components of PCCVC tephra lagers are
still scarce. These deposits represent important chronostrati-
graphic markers particularly for the last millennium. They
provide the opportunity to analyze the volcanic processes in-
volved in the most recent eruptions of this volcanic complex,
which combines a fissure system (Cord6n Caulle) and a cen-
tral volcano [Puyehue, Lara and Moreno 2006).

In this study, we characterize the most recent (last millen-
nium) pyroclastic deposits from PCCVC, recovered in medial
positions to the volcano. We aim to provide morphological,
textural, mineralogical, and geochemical information of the

S

Presses universitaires de Strasbourg

rhyodacitic/rhyolitic material originating from both the Puye-
hue volcano and the Cordén Caulle fissure system. The pri-
mary objective of the detailed characterization is to demon-
strate the complexity of the components and to provide data
for the correlation of proximal/medial/distal deposits recov-
ered from diverse sedimentary records. Additionally, we seek
to elucidate processes involved in the petrogenetic evolution
of the studied pyroclasts.

1.1 Geological setting and PCCVC regional tephrostratigra-

phy

Puyehue-Cordén Caulle Volcanic Complex (PCCVC, 40.5°S)
belongs to the Northern Patagonia Andean Range, and is one
of more than 50 active frontal arc volcanoes that define the
1400 km-long SVZ, the result of the subduction of the Nazca
plate below the South American plate (Figure 1). The PCCVC
comprises a cluster of ~140km?® of Pleistocene to Holocene
lavas and tephra deposits that outcrop over ~800 km? [Moreno
Roa 1977; Gerlach et al. 1988; Lara et al. 2004; Singer et al.
2008]. The 150 km? Puyehue composite volcano (2236 m asl,
above sea level) comprises ~70km? of lavas and tephra [Lara
and Moreno 2006; Naranjo et al. 2017]; episodic feeding from a
magma reservoir during the last 69 ky has produced ~17 km?
of basaltic to rhyolitic magmas [Singer et al. 2008]. North-
west of the Pugehue composite cone, Cordén Caulle consists
of 2 parallel 16 to 20 km long fissures separated by 4 km that
form a 120 m deep graben [Moreno Roa 1977; Lara et al. 2004;
Lara and Moreno 2006]. The most silica-rich magmas erupted
as domes and cones throughout the Cordén Caulle fissure
system whereas intermediate compositions dominate on the
Puyehue stratocone. Mafic lavas mainly erupted in the early
stages along the entire complex [Lara and Moreno 2006}, while
the last cone eruption, dominantly dacitic, formed the modern
2.5 km diameter crater [Naranjo et al. 2017]. Lately, explo-
sive events were restricted to the Cordén Caulle fissure, with
several historical/prehistorical rhyodacite/rhyolite explosive-
effusive eruptions.

In the study area, Holocene tephra deposits from PCCVC
comprise at least 3 voluminous (~1-8 km?) pyroclastic fall lay-
ers, recognizable up to 100 km east of PCCVC [Naranjo et al.
2017]. Main deposits in regional outcrops comprise — follow-
ing the Naranjo et al. [2017] nomenclature — the oldest Puyehue
1 tephra (10.44-10.49 ky) found at medium-distal facies overly-
ing granitic moraine boulders, consisting of deeply weathered,
orange dacitic pumice lapilli; Pugehue 2 deposit (6.71-7.17 ky)
comprises dacitic pumice and its age is equivalent to a rhyo-
dacitic dome exposed at the Puyehue summit crater; and the
distinctive Mil Hojas (MH) unit, a voluminous multilayered
rhyodacitic pumice fall (0.73-1.11 ky), with alternating dark
lithic and pumice lapilli beds [Singer et al. 2008; Fontijn et al.
2016; Naranjo et al. 2017; Alloway et al. 2022]. Intercalated
with PCCVC tephras there are deposits related to the Antil-
lanca volcanic complex, like the Playa Blanca Negra unit (2.88
+ 0.13 ky), a compositionally-zoned tephra, the Pampa Fru-
tilla Density Current (1.93 + 0.07 ky), and the Nahuel Huapi
Tephra (1.42 + 0.11 ky), corresponding to a basaltic lithic-
rich and scoriaceous fallout deposit [Naranjo et al. 2017]. The
PCCVC stratigraphy culminates with several historic Cordén
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Figure 1: Location map of the sampling site Cardenal Samoré Trial Pit (red dot) and nearest eruptive centers (black triangles):
Puyehue-Cordén Caulle Volcanic Complex (PCCVC) and the Antillanca and Puntiagudo-Corddn Cenizos volcanoes. Upper right:
a satellite image of the PCCVC with the Pueyehue volcano and the Cordén Caulle fissure system.

Caulle pumice falls during the last centuries. Recently, a de-
posit from mid-18™" century related to the Cordén Caulle sys-
tem was identified in lake sequences, previously only men-
tioned in historical chronicles [Lara and Moreno 2006; Sosa
et al. 2024]. The last known eruptions correspond to 1921-22,
1960, and 2011. Whilst the 1921-22 and 1960 events rep-
resent negligible discrete and discontinuous tephra layers at
medial-distal locations, the 2011 eruption completely covered
proximal to distal regions to the southeast [Naranjo et al. 2017].

1.2 Explosive deposits of the last millennium at PCCVC

The analyses in this study were focused on the events from the
last millennium, composed of the last eruption from the Puye-
hue stratocone and the historical deposits from the Cordén
Caulle system, both with extensive dispersion and potential
for tephrochronological and volcanological studies. The rhy-
odacitic Mil Hojas [MH, after Naranjo et al. 2017] deposit is a
well-known key marker horizon considering its wide disper-
sion (up to 120 km east-south east from PCCVC in terrestrial
outcrops) and tephra characteristics, with a total volume es-
timated at 4.3km? [Singer et al. 2008; Naranjo et al. 2017,
Alloway et al. 2022]. The MH represents the last explosive
event from Puyehue volcano, recording several catastrophic
subplinian to phreatomagmatic explosions responsible for cre-
ating the current summit crater [Singer et al. 2008]. The base of
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MH was dated at 0.84 + 0.18 cal ky BP [Fontijn et al. 2016] and
between 0.738 + 0.067 and 1.113 + 0.068 cal ky BP [Naranjo
et al. 2017, extending the possible age of this deposit. The
end of MH is marked by an overlying soil, dated at 0.587+
0.081 ky BP [Lara and Moreno 2006]. Recently, the dating
of a lake sequence containing the MH tephra constrained the
age at 0.736-0.740 cal ky BP [Alloway et al. 2022]. At the se-
lected location (40°43'8"S, 71°56’15"W), in the Paso Cardenal
Samoré trial pit (Figure 1), situated approximately 20 km east-
southeast from the volcano, the MH deposit is approximately
65 c¢m thick. This location is intermediate between the pro-
files from Naranjo et al. [2017], where MH thickness ranges
between 45 and 240 cm and almost all subunits defined by
such authors were identified (Figure 2). The main charac-
teristic of this multi-layered unit is the marked alternation of
generally lapillitic whitish and yellowish pumiceous lagers up
to 10 cm thick (MH3, MH5, MH7, MH8) with fine to coarse
ash dark layers enriched in blocky obsidian and brown glassy
fragments (MH1-2, MH4, MH6), as defined by Naranjo et al.
[2017]. Other components like brown pumice, black scoria,
crystaloclast, and lithics are present in almost all subunits in
variable proportions (Figure 3; see Section 3).

Above MH tephra, and separated by an organic-rich
level, a centimeter-thick massive level corresponds to the
1960 Cordén Caulle tephra (1960CC). Even though the
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Figure 2: Stratigraphic profile and units identified in the Cardenal Samoré Trial Pit. Left: the Mil Hojas (MH) tephra deposit is
observed with its subunits and layer boundaries in red. Bottom-right: the 1960 deposit of Cordén Caulle (1960CC) is visible.
Upper-right: the 2011 Cordén Caulle deposit (2011CC). Some incipient organic-rich soil horizons are also noticeable limiting
tephra deposits. Depth refers to continuous cm from the surface downwards; deeper boundaries are curved due to the shape of

the trial pit.

dispersion for this 1960CC event was reconstructed from
historical records [Petit-Breuilh Sepulveda 2004], the isopach
map for this eruption is not available due to the lack of suit-
able outcrops [Naranjo et al. 2017]. However, historical writ-
ten reports support that the 1960CC plume was dispersed
mainly to the southeast (while the 1921-22 Cordén Caulle
eruption was mainly dispersed toward the east-northeast),
where the Nahuel Huapi Lake region (Figure 1) was the most
affected area [Gonzalez-Ferran 1995; Petit-Breuilh Sepulveda
2004; Naranjo et al. 2017]. This level corresponds to a light
grey lager, coarse ash to lapilli grain size, with white pumice,
scoria, and crystaloclast as the main components (Figure 3;
see Section 3).

The most recent deposit is indicated as a marker horizon
originating from the 2011 eruption of the Cordén Caulle fissure
system (2011CC; Figure 1). The eruption started on June 4,
2011, lasting approximately until April 2012, although tephra
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deposits were generated mostly during the first days of the
event when the more explosive eruptive phases occurred [Pis-
tolesi et al. 2015]. The resulting stratigraphy of this event is
complex and spatially dynamic due to variations in wind di-
rection during the eruptive period. On the eastern slope of the
volcanic complex, 13 main tephra levels were described, and
grouped into 4 units [Pistolesi et al. 2015]. In the trial pit stud-
ied here the granulometric climax of the basal lapillitic pumice
graded to upper coarse ash, correlating with the units I and
III observed by Pistolesi et al. [2015]. Pyroclastic particles of
this unit are very well preserved, with similar characteristics
to the products studied by Daga et al. [2014], Pistolesi et al.
[2015], and Naranjo et al. [2017]. Although the components
in the fraction corresponding to the mode are dominated by
pumice (Figure 3), particles like brown glass shards, scoria,
obsidians, and crystaloclasts are present, in lower abundance,
in the finer grain size fractions (see Section 3).
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Figure 3: Stratigraphic profile with units and subunits identified in the Cardenal Samoré Trial Pit with grain size and component

analyses of the volcanic layers.

2 METHODOLOGY
2.1

We recovered samples of the different subunits of the MH
and Cordoén Caulle deposits from the trial pit opened 20 km
east-southeast from PCCVC (40°43'8'S, 71°56'15"W; Figures 1
and 2) and stored them in labeled bags for further laboratory
analysis. We sampled the units and subunits shown in Fig-
ure 1, collecting approximately 250-500 g per unit/subunit,
depending on the thickness of each one. To support the units
and subunits correlations, we described and photographed
macroscopic sedimentary features such as boundaries, struc-
ture, depth, and number of layers, as well as their coloration,
friability, moisture, and presence of macroscopic organic par-
ticles.

Sample collection

2.2 Grain size

We lyophilized tephra samples and dry-sieved them at one-
¢ intervals (p=—log2D, where D is the particle diameter in
millimeters) using metallic meshes (Supplementary Material
1 Table S1 and Supplementary Material 1 Figure S1). We
classified tephras granullometrically as lapilli (-1 to —6¢; 2—
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64 mm), coarse ash (—1 to 4¢; 2-1/16 mm), and fine ash (<4¢;
<1/16 mm) following the nomenclature for pyroclastic sedi-
ments [Fisher 1961]; bombs and blocks (>-6¢; >64 mm) are
not present in the profile.

2.3 Macroscopic and microscopic particle descriptions

We carried out optical observations under the binocular mag-
nifying glass for each grain size fraction identifying different
types of volcanic particles; i.e. white and dark brown pumice,
black scoria fragments, glass shards (vesicular and blocky ob-
sidians), crystaloclasts, and lithics. We conducted componen-
try analysis on the fraction of mode 1 — or the second coarsest
mode when mode 1 corresponded to 4¢ — of each unit/subunit
counting 200-300 particles per level (expressed as percent-
ages relative to the total counted components;Supplementary
Material 1 Table S1). We performed the morphological char-
acterization of different representative particle types (mainly
from the layers where they more abundant) by a binocular
magnifying glass and scanning electron microscope operat-
ing at 5 kV (SEM, model FEI Inspect-S50, Department of Ma-
terials Characterization — Centro Atémico Bariloche). Also,
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we prepared polished resin sections by embedding selected
pyroclastic particles (125-2000 im; 3 to -1¢) in epoxy through
manual picking under a binocular microscope, and polishing
the stubs down after pyroclasts were exposed. These selected
particles represent the components of each identified tephra
level. We documented the distribution of particles within the
stubs through photography before sputter coating to deter-
mine their exact locations. Subsequently, we observed these
polished sections under SEM operating in backscattered elec-
tron (BSE) mode at 20 kV to examine vesicularity, internal
texture, mineral phases, abundance of a glassy matrix, and
compositional information (see Section 2.4). We used images
at several magnifications to ensure the optimum resolution for
this analysis [Shea et al. 2010]. We calculated the degree of
vesicularity and crystallinity (and different mineral phases) by
analysis of scaled high-resolution BSE images, by the open-
source image processing software Fiji ImageJ [Schindelin et
al. 2012]. This required manual image segmentation and par-
titioning into multiple classes of similar attributes (e.g. pixel
color, the shape of the object, etc.) defining the boundaries
between vesicles, glass, and immersed crystals/microlites in a
particle; the final value of these parameters were obtained by
calculating their corresponding areas [Hu et al. 2019]. The es-
timations provided in this study are based on area percentage
(area%) measurements rather than volumetric assessments.
Even though the texture of the rocks is a 3-D property, ana-
lyzing abundance and size distribution of vesicles and crystals
using 2-D analyses (of several particles from similar macro-
scopic features) is considered a starting point to parametrize
textural features, with the purpose to describe clast textures
as is frequently used [Visalli et al. 2023; Manzotti et al. 2024;
Rojas et al. 2024, among others] rather than to develop process
modeling based on such information.

2.4 Geochemical characterization

To get extra information to compare with textural analyses,
we carried out diverse geochemical measurements. We sep-
arated 22 samples (5-50 mg) by picking under a binocular
magnifying glass to obtain the bulk rock composition of each
of the most representative components. The 22 samples cor-
respond to particles from almost all subunits (except MH6
and MH7 due to measurement issues, and 2011CC as it is
the deposit with the most available information). From each
unit/subunit, each sample belongs to the same size fraction,
and was grouped following the criteria of particle types iden-
tified: white and brown pumice, scoria, and glass shards par-
ticles (brown glass and obsidians). Such samples were an-
alyzed by Instrumental Neutron Activation Analysis (INAA),
measuring major (Al, Fe, Ca, Na, K, Mg, Ti, and Mn) and
trace elements (La, Ce, Dy, Nd, Sm, Eu, Tb, Yb, Lu, Sb, As,
Ba, Br, Cs, Zn, Co, Cr, Hf, Sc, Sr, Rb, Ta, Th, U, V, and Zr).
Analytical errors differ for each element and sample analyzed,
since they depend on the nuclear parameters of each element,
on the irradiation conditions, and the composition of the sam-
ple, varying in most elements from 4 to 12% and increas-
ing for Sr, Br, Cr, and Zr up to around 20 %. Certified refer-
ence materials CRM NIST 2709a San Joaquin Soil and CRM
IAEA Soil 7 were analyzed together with the samples for an-
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alytical quality control (Supplementary Material 1 Table S2).
The analytical methodology is described elsewhere [Daga et
al. 2006]. We use trace elements to show the tephra-PCCVC
correlation. Also, as measurements from the INAA technique
do not report Si concentrations (due to nuclear issues), we
converted major elements to oxides, and SiO, contents were
estimated by mass difference to get a comparative estimate
between samples (Supplementary Material 1 Table S3).

In addition, we employed an energy-dispersive X-ray analy-
sis (EDS, attached to the SEM) for some detailed compositional
information of micron features during the textural analysis on
polished sections. Due to the small sizes (microns) of textural
features of interest to be analyzed, we chose spot/point mea-
surements at all sites of interest to obtain comparative analyses
(under similar measurement conditions: 20 kV, 5 nA current,
beam size 5-6 pm, count time of 100 s). Even though this
method is considered a semi-quantification of major elements
(Si, Al, Fe, Ca, Na, K, Mg, Ti, Mn, and P), it is still helpful when
very small areas are analyzed [Iverson et al. 2017] and espe-
cially here, to make a comparison between samples measured
under the same analytical conditions. In this way, we obtained
comparative measurements on glass (Supplementary Material
1 Table S4) and identification of mineral phases which are
analyzed together with textural characterization.

3 RESULTS

3.1 Granulometry and componentry of tephra layers

The grain size distribution in the different tephra lagers shows
variations between MH, 1960CC, and 2011CC; notable differ-
ences are also observed within each of the multilayer deposits
of MH and 2011CC, varying from fine ash to lapilli (Figure 3).
Componentry analysis reveals that white pumices are a com-
mon pyroclast, albeit in varying proportions, across all three
main deposits. On the other hand, brown vesicular glass
shards and brown pumices were only found in MH, along
with a higher presence of lithics, crystal fragments, and scoria
(Figure 3; Supplementary Material 1 Table S1). As previously
defined, MH is composed of alternating dark fine and beige
coarse layers limiting eight subunits [Naranjo et al. 2017]. Even
with internal layering, MH1-2, MH4, and MH6 are the sub-
units with a higher abundance of dark components. These
subunits stand out by the dark coarse ash size laygers due to
high abundance of black blocky obsidians and brown vesic-
ular glass shards (the sum of these components reaches 66—
88% in MH1-2 A, C; 63-89% in MH4 A, C, D; and 49% in
MHS) intercalated with coarse ash to lapillitic beige layers,
with high abundance of white pumice (51 % in MH1-2 B and
96% in MH4 B; Figure 3). Crystaloclasts and lithics are the
least abundant components, but represent up to 30% of the
dark fine levels. In MH7 dark (obsidians) and light (pumices)
components are similar (33% vs. 41 %, respectively; Figure 3).
On the other hand, thicker lapillitic beige layers are conformed
by MH3, MHS5 (with dark fine intercalations), and MH8, with
high abundance of pumice reaching 82—100% of the number
of components (Figure 3). In the other grain size fractions, the
proportion of components vary, usually with high abundance
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of white pumice in the coarse fractions, while obsidian, lithics,
and crystals are dominant in the finer fractions.

On the other hand, the Cordén Caulle tephras are predomi-
nantly composed of coarse ash to lapillitic white pumice in the
fraction corresponding to the mode. Specifically, the mode of
the 1960CC deposit consists of 50 % white pumice along with
smaller proportions of black scoria (26 %) and crystaloclasts
(22 %; Figure 3). In contrast, the mode of 2011CC deposit is
dominantly composed of lapilli-sized white pumice (>93 %),
with minimal presence of black scoria (<6 %). The upper part
of the 2011CC deposit shows a decrease in grain size but it is
still dominated by white pumice particles (Figure 3). While
the componentry of the mode fraction in CC deposits differs
from that of the MH deposit, the same components that were
observed in MH are identified in fractions finer than the mode
in CC tephras.

3.2 Texture/microtexture characterization of tephra compo-
nents

We classified particles according to: (1) the morphological
features as the first character that is observed (under mag-
nifying glass), and (2) the groundmass microtexture (under
SEM), varying even within similar morphological types. The
groundmass (comparative) composition and mineralogy are
also considered in the description of each subtype of particle
to highlight differences among them.

3.2.1

White pumice (WP; Figure 4A) is the most abundant particle
in granulometric modes of MH beige subunits and CC tephras;
also it is a common component in grain size fractions >250 pm
from all subunits. In MH, the pumice color varies from white
(MHS8) to yellowish (MH1-2; Figure 2), with broken fragments
retaining the white cores. The vesiculation degree of WP
reaches 68-86 area%, with two different arrangements, elon-
gated and massive vesicles. The particle morphologies reflect
these characteristics. Fragments with dominance of tube-like
vesicles are elongated, and have a fibrous aspect and silky-
vitreous luster (Figure 4B and 4C). Vesicles can be parallel
to each other, as well as curved by sectors defining convo-
luted arrangements (Figure 4D and 4E). On the other hand,
those with subspherical to irregular vesicles without prefer-
ential orientation or spongy-like, have irregular to subequant
shapes, with saccharoid aspect and vitreous luster (Figure 4F—
4H). Vesicle diameters range from 15-125pm in both types.

Corroded surfaces with recrystallization have been ob-
served in some particles (Figure 5), mainly at the base of the se-
quence. The edges of vesicles are semi-circular in some cases
and very irregular and discontinuous in others (Figure 5). Ap-
parent ring-shaped and flake-shaped recrystallization protru-
sions could be identified on the walls of some volcanic glass
particles resembling clay formation (Figure 5). From this, it
could be inferred that the yellowish color observed in WP
from MH indicates weathering processes.

WP are aphyric to porphyric (Figure 6), with immersed pla-
gioclase (Figure 6A, 6B, and 6D), pyroxene (>250 um), Fe-Ti
oxides, and apatite (as inclusions commonly <50 pm), form-
ing glomerocrysts (Figure 6C and 6D). In elongated pumices
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immersed crystals are rare; parallel and convoluted vesicles
of well-preserved glass are common (Figure 6E-6F). The
groundmass glass has a narrow range of SiO, composition
varying between 69—72 wt.% (n = 10 particles). MH and CC
pumices are not differentiated by the SiO; content, however,
at the grain size analyzed, phenocrysts/glomerocrysts with re-
absorbed boundaries embedded in the glassy matrix seem to
be more abundant and larger in MH than CC.

3.2.2 Dark brown pumice

Dark brown pumice (BP) fragments are present particularly
in the granulometric mode of MH4 C and MH5 B (4% and
2% of the total components, respectively) subunits; although
BP is not present in all mode fractions (Figure 3), they are
also identified in coarser fractions of the other MH and CC
levels. In general, they have subrounded shapes and smaller
grain size and lower degree of vesicularity (30-50 area% in
MH, and reaching up to 65 area% in CC) than WP fragments.
BP fragments have mainly spherical to subspherical vesicles,
thus dark brown pumices with spongy, saccharoid, and sube-
quant macroscopic shapes are identified (Figure 7). In some
cases, vesicles shapes coalesce giving irregular forms. Al-
though they showed a similar petrology to WP, the microtex-
ture of BP showed different features, classifying in two types
in both MH and CC tephras. In this case, groundmass glass
composition differs between MH (~54-59 wt.% SiO5) and CC
(~61-69 wt.% SiO,), independent of the textural type (n = 6
particles).

Type BPI was defined in very low proportion, with only
one particle found at MH and another at CC, among all BP
analyzed. Despite its rarity, BP! is characterized by fresh
glass in the groundmass, moderate vesicularity (25—38 area%),
and porphyritic texture with approximately 28 area% of crys-
tallinity. The phenocrysts are commonly zoned plagioclase,
appearing as euhedral tabular phenocrysts (~300 pm in size).
The groundmass consists of glass and microlite (less than
~100 pm) crystals composed of prismatic and skeletal plagio-
clase (~40um), few subhedral and very small Fe-Ti oxides
(<40pm) in the border of phenocrysts, and also immersed in
the well preserved glassy matrix (Figure 7D-7F).

On the other hand, the type BP2 exhibits more abundance
of microlites distributed homogenously in the groundmass or
as patches, with a higher degree of vesicularity, ranging from
30-63 area%. Vesicles are irregular, from subspherical (Fig-
ure 7G) to flattened and bent in some sectors (Figure 7J), with
a wide range of sizes (20—200 pm). Microporphyritic textures
are the result of the high amount of microlites in some cases.
Groundmass in some BP2 particles consists of microlite crys-
tals reaching 75 area% of the matrix area fraction, with almost
absence of interstitial glass or full of nanolites. The abundant
acicular and swallow-tailed microlites (>40 pm) of plagioclase
and pyroxene, and very fine minerals (<5 pm, possibly Fe-Ti
oxides), make the identification of glassy matrix difficult in
some cases (Figure 7H and 71). Spherulitic textures with pla-
gioclase and pyroxene microlites are also identified. Some of
these particles show microtextural patches or bands of micro-
lite/nanolites (of similar composition to those previously men-
tioned), as zonal alteration or recrystallization zones, with very
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Figure 4: Morphology of white pumice. [A] White pumice of different morphologies under binocular magnifying glass. [B] Elon-
gated or tube-like pumice with parallel vesicles (MH5C). [C] Magnification of parallel vesiculation of B. [D] Elongated white
pumice with convoluted vesiculation (1960CC). [E] Magnification of vesicular arrangements of E. [F] Saccharoid or spongy-like
pumice (MH5C). [G] and [H] Volcanic glass vesicle with soft surfaces and zones with corroded features, magnifications from F.

[B]-[H] are SEM images.

tight flattened vesicles and aligned spherulitic shapes (Fig-
ure 7K and 7L).

3.2.3 Scoria

Scoria (Sa) particles are mainly identified in CC tephras (more
abundant in the 125-500 um but can reach up to 2-3 mm
size) while are less abundant in MH (all grain size fractions).
The MH deposit exhibits scoria particles only in the grain size
mode of MH6 and MH7, with less than 3% of the amount of
components. Conversely, the highest percentage of Sa par-
ticles is in 1960CC, with 26 %, while 2011CC has less than
6% (2011CC B and C) of Sa from the total components (Fig-
ure 3). Scoria particles are dark grey to black (Figure 8A.).
In general, all the scoria fragments have a macroscopic sac-
charoid subequant feature, without any preferential vesicular
orientation (Figure 8B and 8C). However, despite their similar
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coloration and macroscopic shape, two internal textural types
were differentiated, both with variable degrees of vesicularity.

Type Sal particles are differentiated by a nearly aphyric
groundmass (Figure 8D) to porphyritic (with low content, <1
area%, of relatively small phenocrysts; Figure 8E and 8F) tex-
ture, with highly variable degree of vesicularity (10-70 area%).
The shapes of the vesicles are irregular, with <70 um size, and
usually show incipient convoluted arrangements by sectors.
Subhedral to anhedral plagioclase, pyroxene, and Fe-Ti oxide
phenocrysts >100 pm can be found in a well-preserved glass
matrix. The glassy groundmass showed a restricted compo-
sition between 68—71 wt.% SiO, (n = 5 particles).

Type Sa2, on the contrary, exhibits clear micropor-
phyritic textures. These particles have less vesicularity
than the Sal type but also vary between 5-50 area%,
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Figure 5: SEM images of different alteration features in surfaces of pumice for [A]-[C] MH5C and [D]-[F] MH4B.

with well-preserved subspherical-shaped vesicles between a
few microns to >80 um (Figure 8G). The groundmass con-
sists of variable amounts of microlites (5-45 area%) with
interstitial glass in some particles (Figure 8H), while the in-
terstitial space is occupied by nanolites forming patches in
others (Figure 81). The microporphyritic textures result from
mainly euhedral tabular plagioclase (<80 pm), small swallow-
tailed and rhombic/skeletal-shaped pyroxenes (<15pum), and
Fe-Ti oxide and apatite (<10 pm; Figure 8H). These par-
ticles showed zonal recrystallization textures or undercool-
ing/supersaturation conditions in the matrix and also at the
borders of phenocrysts (mainly plagioclase). Some mineral
phases (<10 pm) with acicular habit can be found isolated
without preferential orientation or in contact with each other
with radiating arrays of acicular crystals, like spherulitic tex-
tures (Figure 8I). In this Sa2 type, the glassy groundmass ex-
hibits a wide compositional range (54-73 wt.% SiOy; n = 9
particles).

3.2.4 Glass shards

The next subdivision examines the sizes and shapes of glass
shards, providing insights derived from macroscopic observa-
tions. This comprehensive analysis aims to elucidate the char-
acteristics and variations present within the observed glassy
fragments, primarily focusing on their coloration.

Brown glass shards. The group corresponding to brown
glass shards (GS) exhibits a brown color of glass varying
in shapes from low vesicularity, cuspate, and blocky shards
(Figure 9). GS are abundant in granulometric modes of
MH1-2 subunits varying between 9-75% of the total mode
components. In the other MH levels, GS usually comprises
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the <500pum fraction, but can reach up to 2 mm in size.
The glassy fragments are dark to pale brown, depending on
the size and thickness of the particles, with intense vitreous
luster (Figure 9A). Spherical to subspherical vesicles between
50 and 200 pm are common in particles with low vesicularity
(<5 area%); some of these particles show smooth, fluid-shaped
glassy surfaces (Figure 9B and C). Blocky shards are dense
fragments with cuspate edges and smooth surfaces. Although
groundmass composition is similar (6671 wt.% SiOy; n = 6
particles), two types of microtextures were observed:

Type GS1 particles are brown, nearly aphyric, with glassy
groundmass and rare apatite (Figure 9D and 9E). Generally,
the crystals are anhedral, with textures embedded and reab-
sorbed by the glass. In polished sections, the vesicles are semi-
circular and elongated, with diameters between 20—-200 pm
(Figure 9E and 9F).

Type GS2 fragments exhibit pale to dark brown macro-
scopic banding with net limits (Figure 9G), as observed in
their microtexture. They show a porphyritic texture, con-
taining subhedral to anhedral plagioclase (>350 pm), pyrox-
ene and Fe-Ti oxides (<200 um), and Fe-Cu sulfides (<20 pm;
Figure 9H, 91, and 9R), varying between 2-25 area%. Embed-
ded and reabsorbed textures in phenocryst mineral phases can
also be found in plagioclase, pyroxene, and Fe-Ti Oxides (Fig-
ure 9K). The groundmass showed microtexture differences
between pale and dark brown bands. Pale brown bands cor-
respond mostly to microlite-free matrix, with patches of pla-
gioclase/oxides microlites/nanolites. Conversely, the ground-
mass of darker bands comprises numerous mineral phases
<5pm, or nanolites, consisting predominantly of plagioclase;
spherulitic pyroxene and oxides may also be present (due
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Figure 6: BSE images of polished sections of white pumice. [A] and [B] Spongy-like pumice with subhedral plagioclase (PI)
phenocrysts (MH8). [C] Subhedral pyroxene (Px) with apatite (Ap) and glass inclusions surrounded by a vesicular glass coating
(MH4B). [D] Spongy-like pumice with glomerocryst of subhedral plagioclase (PI), pyroxene (Px), and small apatite (Ap) (MH5A).
[E] Curved vesiculation arrangement in aphyric volcanic glass (N layer). [F] Aphyric pumice with fluidal vesicles (1960CC). [G]
and [H] Elongated and tortuous vesicles, magnifications of F.

to the small size of these two phases, their individualization
and recognition were difficult). These mineral bands exhibit
repetitive nanometric to micrometric bandings, with mini-
mal interstitial glass presence (Figure 9H-9L). These mineral
bands are usually deflected around crystals and vesicles, defin-
ing flow textures.

Blocky obsidian. The obsidians (Ob) are black blocky
glassy fragments with vitreous luster, soft faces, and absent
of vesicles. They are abundant in the column, mainly in dark-
fine layers from MH subunits, and are also generally found
composing the fraction between 125-500 pm, although reach-
ing up to 1 mm size both in MH and CC layers (Figure 10A).
Cuspidal forms of concave-convex edges are generated by
conchoidal fractures (Figure 10B and 10C). Textural types
identified in these particles, Ob1 and Ob2, are similar to those
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described for vesicular glass shards, and both type of parti-
cles can be distinguished only by macroscopic color. Thus,
Ob1 corresponds to aphyric particles, with scarce anhedral
apatite <50 pm (Figure 10D-10F), while Ob2 corresponds to
particles exhibiting porphyritic banded textures (Figure 10G—
10L), with subhedral pyroxenes, plagioclase, and Fe-Ti oxides
>250pm. These Ob2 particles display repetitive banded tex-
tures with a groundmass composed of microlite/nanolite py-
roxene/oxides and interstitial glass (Figure 101, K, and L). The
banded textures of the Ob2 particles exhibited no noticeable
variations in SiO, content of the glass across the individual
bands within the same particle. The composition of ground-
mass glass varies (68—74 wt.% SiOy; n = 9 particles) not allow-
ing to discriminate between Ob1 or Ob2 types (Supplementary
Material 1 Table S4).
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Type BP1

Type BP2

Figure 7: [A] Brown pumice morphologies. [B] Saccharoid-like brown pumice (MH8). [C] Semicircular vesicles, magnification
of B. [D]-[F] Brown pumice BP17 textural type (MH8): porphyritic texture with plagioclase (PI) crystals and small plagioclase
microlites in a well preserved glass with spherical to subspherical vesicles. [G] and [J] Brown pumice BP2 textural type (MH8
and 1960CC, respectively). [H] and [I] Irregular vesicles and microporphyritic texture without glassy matrix, magnifications of
G. [K] and [L] Irregular and flattened vesicles with zoned acicular microporphyritic textures, magnifications of J. [A] Binocular
magnifying glass image; [B]-[C] SEM images; and [D]-[L] BSE images.

Crystaloclasts.  Crystals and crystal fragments (Cr) are
found in all tephra levels in <2000 pm fractions. Their
abundance in granulometric modes varies between 4—29 % of
the total components (Figure 3). The MH deposit exhibited
variation in the abundance of crystals in the modes of subunits

where are present, exceeding 20 % of the total components for
MH1-2 C, MH5C, and MH5D modes (Figure 3). Similarly, the
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1960CC deposit showed 22% crystal abundance (Figure 3).
In all cases they are coated by glass, generating glassy lus-
ter and vesicular surface textures in the particles (Figure 11A
and 11B). Even if they are coated with glass, it is possible to
observe the shape and color of the crystals, evident in binocu-
lar magnifying glass (Figure 11C and 11E). The most abundant
phase corresponds to white euhedral to subhedral tabular pla-
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Figure 8: [A] Black scoria morphologies. [B] Saccharoid-like black scoria (MH8). [C] Subrounded surfaces and irregular vesicles,
magnification of B. [D] Aphyric scoria Sa7type (MH8). [E] Porphyric scoria Sa7 type with pyroxene (Px) and Fe-Ti oxide immersed
inawell preserved glass (MH5A). [G] and [H] Scoria Sa2 type of subspherical vesiculation, with euhedral plagioclase and pyroxene
phenocrysts with very small Fe-Ti oxides growing in contact (MH8). [I] Recrystallization textures with very fine microlites and
spherulites in glassy matrix (1960CC). [A] Binocular magnifying glass image; [B]-[C] SEM images; and [D]-[I] BSE images.

gioclase crystals between 50 and 1250 pm. Plagioclase frag-
ments with anhedral inclusions of Fe-Ti oxides <30 um are
less abundant (Figure 11C and 11D). Prismatic and subhedral
green and brown pyroxene crystals between 50 and 200 pm
are also frequent with a large number of inclusions (<50 pm)
of glass and subhedral apatite and Fe-Ti oxides (Figure 11E
and 11F).

3.3 Bulk geochemistry of pyroclastic fragments

The geochemical data obtained for the different kinds of se-
lected particles according to optical features is presented in
Figure 12 andSupplementary Material 1 Table S3. Bulk major
and trace elements were determined on 22 samples: 9 WP,
2 BP, 3 GS, 7 Ob, and 1 Sa. In Figure 12, the bulk chemical
composition of post-glacial PCCVC caldera units and tephra
fall out from previous studies [Gerlach et al. 1988; Singer et al.
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2008; Pistolesi et al. 2015; Naranjo et al. 2017] is presented for
comparison purposes in addition to the data obtained in this
study.

All samples are enriched with respect to the primitive man-
tle proposed by McDonough and Sun [1995]. In general, a
greater enrichment of the large ion lithophile elements (LILE)
is observed with respect to those of high field strength ele-
ments (HFSE). Similarly, there is greater enrichment in light
(LREE) than in heavy rare earth elements (HREE). Also, this
geochemical fingerprint is characterized by strong negative
anomalies in Ta, Sr, and Ti. A negative Eu anomaly can be
observed in the REE. Although the pattern shape is similar
for all samples, one brown pumice sample from the 1960CC
layer [BP(1960CC)| and one scoria sample from the MH8 layer
[Sa(MH8)] show a lower enrichment pattern regarding the
other samples, with minor Sr and Ti anomalies (Figure 12)
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Type GS1

Type GS2

Figure 9: [A] Vesicular glass shard morphologies. [B] Vesicular glass shard (MH3). [C] Soft glass surfaces with fine aggregates,
magnification of B. [D] and [E] Nearly aphyric glass shard GS7 type of low vesiculation with anhedral apatite (Ap) immersed
(MH5B). [F] Aphyric glass shard GS7 type (MH1-2B). [G] Vesicular glass shard GS2 type with alternation of dark and light brown
bands (MHS8). [H] Detail of contact between light (microlite-free) and dark brown (microporphyritic) glass; glomerocryst of sub-
hedral plagioclase (Pl), pyroxene (Px), and apatite immersed (left) and subhedral plagioclase phenocryst in contact with different
anastomosed glass bands (right), magnification of G. [I] Detail of the dark brown glass; white bands are formed by micrometric
crystals marking flow textures, magnification of G. [J-L] GS2 type glass shards with anhedral phenocrysts of pyroxenes, Fe-Ti
oxide, and Fe-Cu sulfides immersed in glass bands; these bands are formed by zones of rich and poor micrometric mineral
growth (MH8). [A] and [G] Binocular magnifying glass image; [B] and [C] SEM images; and [D]-[F] and [H]-[L] BSE images.
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Type Ob1

Type Ob2

Figure 10: [A] Blocky obsidian morphologies. [B] Blocky obsidians (1960CC). [C] Blocky obsidian of null vesiculation, with soft
glass surfaces and conchoidal fractures, magnification of B. [D] and [E] Nearly aphyric angular blocky obsidian 0b7 type with
anhedral apatite (Ap) immersed in a well preserved glass (MH1-2B). [F] Low vesicularity aphyric obsidian 0b7 type (MH3). [G]
0b2 type with alternation color banding (note that the band surround a crystal in the middle of the particle; (MH1-2c). [H] and [I]
Porphyritic obsidian 0b2 type of low vesicularity with subhedral to anhedral plagioclase (Pl), pyroxene (Px), and Fe-Ti oxide in
contact with different crystal-rich and crystal-poor micrometric banding (MH5 A). [J] and [K] 0b2 type with light and dark brown
glass, and very thin elongated vesicles (1960CC). [L] Detail of light (nearly aphyric) and dark (microporphyritic) bands; the last
one is formed by micrometric crystal rich zones, magnification of K. [A], [D], and [G] Binocular magnifying glass image; [B] and
[C] SEM images; and [E], [F], [H], [I], [K], and [L] BSE images.
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Figure 11: [A] Subhedral prismatic crystal surrounded of volcanic glass (MH5C). [B] Volcanic glass coating surface, magnification
of A. [C] and [D] Subhedral plagioclase (Pl) crystaloclast with mineral inclusions of Fe-Ti oxides and glass (MH5C). [E] and [F]
Green subhedral pyroxene (Px) coated by glass, with a large number of anhedral inclusions of apatite (Ap), Fe-Ti oxides, and
glass (MH5C). [A] and [B] SEM Images; [C] and [E] binocular magnifying glass images; and [D] and [F] BSE images.

(these two kinds of particles are absent from the granulomet-
ric modes of these layers, but are found in finer fractions).
Despite this difference, the whole pattern closely resembled
that known for the PCCVC (Figure 12).

4 DiscussION

4.1 Morphology, texture, and geochemistry defining the origin

of particles

Understanding the origin of the components included in a
tephra deposit provides unique information, but distinguish-
ing between the different types of particles is not a simple task
[Benet et al. 2021]. The analyses of morphological and textural
characteristics of the volcanic fragments allow a more detailed
evaluation of the processes affecting the volcanic components
to explain their juvenile — or not — character, providing in-
formation for further correlations and volcanic processes in-
volved.

411

White pumice. These particles are the main juvenile com-
ponent from silicic explosive eruptions. Variations in gas re-
lease conditions and physical gradients in the ascending vis-
cous magma lead to variable vesicle distributions and high de-
grees of vesicularity (>70 %) in white pumice deposited within
the same level [Cioni et al. 2015]. The relative rates of bubble
nucleation, expansion, and magma ascending play a pivotal
role in shaping the textures of primary vesicles [Shea et al.
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Figure 12: Multi-element diagram normalized to primitive man-
tle [McDonough and Sun 1995] of different pyroclastic types
of Cardenal Samoré tephra deposits and post glacial products
from PCCVC [Gerlach et al. 1988; Singer et al. 2008; Pistolesi
et al. 2015; Naranjo et al. 2017]. Sa(MH8): scoria from MHS;

and BP(1960CC): brown pumice of 1960CC.

2010]. Spherical vesicles typically form when magma degasses
relatively slow, allowing gas bubbles to expand uniformly in
all directions under slow ascent rates. Conversely, elongated
vesicles tend to form in more viscous magmas or during rapid
explosive fragmentation processes. In these cases, gas bubbles
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may elongate in a particular direction due to shearing forces
or deformation during fragmentation, such as near conduit
zones, resulting in elongated or tortuous shapes, influencing
the magma permeability [Polacci et al. 2003; Cioni et al. 2015].
Studies on the 2011CC eruption have already indicated that
the variability in vesicularity of white pumice is associated
with heterogeneities within the magmatic column, induced by
differential rates of magma ascent, resulting in stress zoning
and variable degassing efficiency [Schipper et al. 2013; Pistolesi
et al. 2015]. Despite variations in formation mechanisms, the
prevalence of highly vesicular pumice throughout the sedi-
mentary column suggests the significant role of gas exsolution
in the latest eruptive events of the PCCVC, reflecting the na-
ture of the eruptions [Rotella et al. 2014].

Glass shards. Despite macroscopic differences, both brown
glass shards and blocky obsidians exhibited similar particle ty-
pologies and internal textures both in MH and CC tephras.
The different colors could be associated with variations in
grain size within the layer; i.e. light transparent brown frag-
ments are finer than black blocky obsidians, but related to
common parental magmas/processes. In CC layers, for ex-
ample, Ob fragments are more abundant than GS and is pos-
sibly related to the size of the particles observed. Individ-
ual fragments of GS and Ob showed homogeneous compo-
sition (>66 wt.% SiOy;Supplementary Material 1 Table S4),
while textural features are variable. Both, GSI and Ob! parti-
cles show low crystallinity and well-preserved glassy matrix,
suggesting juvenile origin; also, resorption textures and em-
bedded Px and PI crystals indicate changes in the physical-
chemical conditions of a crystal-poor magma.

On the other hand, textures of GS2 and Ob2 particles
suggest a more complex crystallization history, forming phe-
nocrysts firstly in the magma chamber, and afterward a finer
microcrystalline groundmass, possibly during the eruptive
processes. Commonly, anastomosed and banded textures may
first suggest magma mixing; however, in this case, the an-
alyzed particles present a narrow ranged differences in the
chemistry of their glasses (69-73 wt.% SiOy;Supplementary
Material 1 Table S4). In some cases, magma quenching in-
cludes a short period of quick crystallization, with crystals
aligned parallel to flow directions at the time of melt solidifica-
tion [McPhie 1993]. Magmatic flow can also be determined by
changes in color, the orientation of microcrysts in the ground-
mass, and the selective concentration of crystals, microlites,
espherulites or devitrification minerals [Gonzalez 2008} In
this work, banded textures produce the color banding ob-
served under magnifying glass (Figure 9G and 9J). At other
scales, macroscopic banding observed in glassy pumices and
bombs from the 2011 Cordén Caulle eruption was attributed
to variations in the iron oxidation state, instead of mineralogi-
cal or textural features [Castro et al. 2013]. In this study, how-
ever, we identify microscopic incipient nucleation and align-
ment of new mineral phases, generating the flow banding tex-
tures. The phases typically exhibit dimensions <5 um, render-
ing measurement challenging (some analyses suggest elevated
Fe content, possibly corresponding to Fe-oxides (Figure 91—
9L and Figure 101 and 10L). Within these color bands, crys-
tal nucleation and growth processes could be inferred owing
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to the prevalence of small nanometric crystals alongside mi-
crometric ones. Experimental results have shown both pro-
cesses, relating color changes in rhyolitic obsidians to changes
in the state of iron oxidation and consequent oxide nucleation
[Moriizumi et al. 2009]. Another type of GS2 and Ob2 particles,
furthermore, showed patchy-textures with zones of microlite-
rich and microlite-poor glassy groundmass and aligned ox-
ides, as a result of differential mineral recrystallization due
possibly to reheating processes [Deardorff and Cashman 2017].
Even though such processes have been experimentally studied
for less evolved SiO; compositions [Deardorff and Cashman
2017, the textures are comparable to the samples under study
here.

The variety of glass shard types, mainly obsidians, within
a single lager were correlated with the released gases and
the rheological evolution of the melt within the same eruptive
event [Rust and Cashman 2007; Paisley et al. 2019]. These au-
thors related changes in axial bubble relationships (i.e. spher-
ical vs. elongated shapes), to variations in shear rates and
stresses, and proposed changes in the rate of magma rise, po-
sition, and conduit obstruction to explain the different obsid-
ians, considering the particles as juvenile [Rust and Cashman
2007]. However, obsidian fragments were attributed to lithic
material in the previous description of MH subunits, as one
common and characteristic component of the phreatomag-
matic lagers that helps in the identification of the subunits,
while the same kind of particles were considered as juvenile
fragments for the 2011 Cordén Caulle eruption in same work
[Naranjo et al. 2017]. Also, for the 2011 Cordén Caulle event,
other authors identified black, with a weak color banding, to
transparent brown clasts as obsidian, associating lighter clasts
to possible juvenile material while darker ones can represent
accidental lithics from ancient obsidian bodies [Pistolesi et al.
2015]. This last hypothesis is probable in a volcanic complex
where pyroclastic deposits and rhyolitic obsidian lava flows
are common.

However, we identified here that the color of the fragments
is probably not directly associated with the character of the
particles; actually, the clear identification of the juvenile or not-
juvenile origin of the particles is not an easy task, and both MH
and Cordén Caulle glass shards showed the same features. Re-
markably, these kinds of textures were recently described for
the explosive products from the 2011 Cordén Caulle eruption.
In such cases, textural complexity has been identified in com-
posite bombs, where rhyolitic obsidian clasts contain regions
of homogeneous hypocristalline glass in contact with complex
microtextures that provide evidence of a clastic origin [Schip-
per et al. 2021; Wadsworth et al. 2022]. This clastogenic origin
has been attributed to in-conduit multi-phased viscous sinter-
ing of the fine ash generated in the sub-surface throughout the
eruption, likely due to reheating associated with the approach
of the lava-forming melt [Schipper et al. 2021]. Degassing in
sintered banded obsidians induced microlite crystallization in
concentrated bands in opposite to less degassed microlite-free
bands [Paisley et al. 2019], as we observe. Even though re-
cent works find such features in 2011 Cordén Caulle products
[Paisley et al. 2019; Schipper et al. 2021}, in the present study

Page 126


https://doi.org/10.30909/vol.08.01.111134
https://doi.org/10.30909/vol.08.01.111134
https://doi.org/10.30909/vol.08.01.111134

VOLCANICA

8(1): 111-134. nhttps://doi.org/10.30909/vol.08.01.111134

we identify the same textural characteristics in glass shards,
including obsidians, from MH tephra.

Although in previous studies these obsidian particles were
related to lithics reflecting the phreatomagmatic phases in MH
tephra [Naranjo et al. 2017], the recycling processes of coeval
(or almost coeval) particles during one eruption should not
be dismissed, giving possibly to these MH glassy particles a
juvenile character (see Section 4.2). This can result in sig-
nificant participation of magma during the phreatomagmatic
fragmentation processes with minor lithic abundance. The
similar composition of the glass groundmass of these parti-
cles, both between light brown glass and obsidian, and be-
tween color bands of such particles, sustain the hypothesis of
the juvenile character of these particles. Supporting this, the
analyzed particles correspond to both the Puyehue stratovol-
cano (MH tephras) and the Cordén Caulle fissure system (CC
tephras), both with too complex stratigraphies to allow the
lithics to have such a homogenous composition. On the other
hand, regardless of the character of the particles, the stratig-
raphy shows different types of eruption for MH (subplinian-
phreatomagmatic) and CC (subplinian) deposits [Singer et al.
2008; Schipper et al. 2013; Naranjo et al. 2017], meaning that
the fragmentation process involved in each tephra (MH vs.
CC) formation would be different, giving rise to similar mor-
phologies (see Section 4.2).

Crystaloclasts. They are represented by crystals and crystal
fragments that have crystallized from magma, and at the time
of fragmentation have been encapsulated by glass, showing
thus vesicular textures on their surface [Heiken and Wohletz
1986]. Although the study of the mineral phases is not the
focus of our work, they are present in all tephra levels, so fu-
ture studies of the textures and mineral chemistry, both from
crystaloclasts and phenocrysts, could provide insights into the
eruptive triggers and magmatic processes (i.e. thermometry,
thermobarometry, crystal textures) that originated each erup-
tive pulse of the PCCVC.

4.1.2 Lithic (cognate and recycled) particles

Brown pumice. Even though brown pumice fragments have
high degrees of vesicularity, similar to white saccharaoid
pumice in some cases, BPI and BP2 textures and the het-
erogeneity in geochemical composition of the glassy matrix
could be associated with non-juvenile particles. BPI parti-
cles show juvenile volcanic texture but the glassy matrix is
variable between MH and CC (~56 and 69 wt.% SiO,, re-
spectively;Supplementary Material 1 Table S4). Furthermore,
this BP1 type was identified as a scarce component in the
deposits of the present work and further discussion about
their origin requires more BP particle identification to dis-
cern if this textural type could be considered more abun-
dant. This should be interesting since the assignation as ju-
venile components would imply other processes involved in
their origin; i.e. magma mixing/mingling (in the case of MH
tephra), not identified in this study nor previous [i.e. Schip-
per et al. 2021]. Type BP2, on the other hand, showed a
broad chemical composition between particles (~59-72 wt.%
SiOy;Supplementary Material 1 Table S4) but with glass ho-
mogeneity within a single particle when it was possible to
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measure (i.e. between two and six measurements in some
particles;Supplementary Material 1 Table S4). In addition, the
complexity of textures resembles secondary processes, even
though preserving their original volcanic rock textures. Ex-
tensive recrystallization, little remaining glassy matrix, pres-
ence of oxides on vesicle walls or along cracks truncating
crystals and sectors of the matrix, elongation/collapse of vesi-
cles, and patches of glass limited by microlites (Figure 7J-
7L) are microtextures that can be interpreted as characteristic
of heating-induced crystallization processes. These processes
are related to the recycling of pyroclasts mainly in basalts to
basaltic andesites [Deardorff and Cashman 2017], but are also
observed here in more evolved compositions. Reheating pro-
cesses activate thermal diffusion, allowing quite rapid recrys-
tallization of plagioclases, pyroxenes, and oxides in the glassy
matrix [Burkhard 2001; D’Oriano et al. 2013; 2014; Ruth et
al. 2016; Deardorff and Cashman 2017]. This evidence sug-
gests that dark brown pumice could be previously crystallized
cognate fragments deposited in the proximity of the vent, af-
fected by subsequent thermal reactivations, and incorporated
at the time of the eruption as recycling of pyroclasts, both in
MH and CC tephras. In addition, the geochemical patterns
of lower overall enrichment in the BP multi-element diagram
(Figure 12; BP(1960CC): this bulk geochemical data does not
discriminate between BP1 and BP22) and glass groundmass
composition variation in individual fragments (Supplementary
Material 1 Table S4), support the possibility of the cognate
origin for BP1 and BP2 particles. According to the stratigra-
phy of the complex they could belong to older and less SiO,
evolved units [Singer et al. 2008, and references therein]. A
particular distinction among BP2 particles is exemplified by
those exhibiting patchy textures (Figure 7J-7L) and a rhyolitic
glassy groundmass, resembling those sintering products from
coeval juvenile particles identified in bombs ejected during the
2011 Cordén Caulle eruption [Schipper et al. 2021]. The lithic
brown pumices particle type may include samples with ju-
venile characteristics corresponding to fragments emitted rel-
atively recently [Benet et al. 2021]. Consequently, discerning
the heterogeneity of components appears to be a challenging
task.

Scoria. Besides the volcanic origin, textural and geochemi-
cal differences identified in scoria fragments within the same
tephra level support their non-juvenile origin. Several works
dealing with these deposits assign undoubtedly the lithic char-
acter to such scoriaceous particles as lava fragments with visi-
ble alteration and abundant crystals, both in MH and 2011CC
deposits [Pistolesi et al. 2015; Naranjo et al. 2017]. According
to the analysis of the bulk geochemistry, some scoria particles
identified here may correspond to older units of the complex
and therefore have a cognate origin. Moreover, Sa? particles
have variable textures. Some porphyritic fragments with phe-
nocrysts and microlite-free glassy groundmass <59 wt.% SiO;
(Supplementary Material 1 Table S4) can represent lava frag-
ments, as reported by Pistolesi et al. [2015] for altered clasts of
scoriaceous texture for the 2011 Cordén Caulle deposit. Some
microporphyritic clasts preserve the volcanic textures while
others show evidence of recrystallization, with similar tex-
tures to those obtained by pyroclastic reheating experiments

Page 127


https://doi.org/10.30909/vol.08.01.111134
https://doi.org/10.30909/vol.08.01.111134
https://doi.org/10.30909/vol.08.01.111134
https://doi.org/10.30909/vol.08.01.111134
https://doi.org/10.30909/vol.08.01.111134
https://doi.org/10.30909/vol.08.01.111134
https://doi.org/10.30909/vol.08.01.111134

Textures and chemistry of Puyehue-Cordén Caulle pyroclastics

Alfonzo et al. 2025

[Burkhard 2001; D’Oriano et al. 2013; 2014; Ruth et al. 2016;
Deardorff and Cashman 2017] and, like brown pumice, could
represent recycled particles from recent eruptions. As we pre-
viously mentioned, no textural evidence of different magma
mingling or chemical assimilation has been found to support
the existence of magma mixing explaining this variability in
particle association. In this sense, the different multi elemen-
tal patterns for scoria samples [Figure 12, Sa(MHB8)], like for
brown pumice, can represent the measurement of a mixture
of morphologically similar particles with a variable composi-
tional chemical range. For the aphyric Sal particles, on the
other hand, with a well-preserved rhyolitic glassy matrix (68—
71 wt.% SiOy), a juvenile origin cannot be ruled out. Similar
rhyolitic particles of black color found in the 2011 Cordén
Caulle deposit were explained by the oxidation state of the
iron in the glass [Castro et al. 2013].

4.2 Puyehue stratovolcano vs. Corddn Caulle fissural system
deposits

The MH unit has been assigned to the latest explosive eruption
of the Pugehue composite cone, with a succession of powerful
explosive subplinian to phreatomagmatic events that formed
the modern crater [Singer et al. 2008; Naranjo et al. 2017]. At
the location under study, the alternating is represented by fine
to coarse dark obsidian-rich ash layers and lapilli pumice-rich
light-colored laygers. The changes in the abundance of the
different types of components of each subunit provide infor-
mation about the complex temporal interactions in the magma
fragmentation processes that generated this multi-stratified de-
posit. Levels almost dominated by highly vesicular pumice
particles with minor proportions of the dark components, like
obsidians and lithics, represent the subplinian eruptive phases.
Subplinian eruptions generally consist of pulses due to decou-
pling between magma supply and magma rate discharge gen-
erating mid-intensity discontinuous eruptions related to the re-
lease of batches of magma [Cioni et al. 2015; Todde et al. 2024].
This pulsatory nature of subplinian eruptions can generate the
coexistence of variable vesicular fragments in deposits due to
gradients in the degassing of magma in the conduit [Schipper
et al. 2013; Pistolesi et al. 2015].

The fluctuations in the magma discharge may be an advan-
tage for — or can be also affected due to — water entering the
system, possibly as a consequence of the melting of the up-
per ice cap, as proposed by Naranjo et al. [2017] for previous
Puyehue cone, favoring the phreatomagmatic pulses. Defor-
mational load structures and armored lapilli at middle-distal
facies evidence the phreatomagmatic character of the deposit
[Naranjo et al. 2017; Alloway et al. 2022]. Even though the
significant amount of fine ash (45-62 %) in dark layers of MH
tephra is not a definitive diagnostic tool on its own, it is one
of the several features of phreatomagmatic deposits [White
and Valentine 2016]. The high abundance of blocky (obsidi-
ans) to low vesicular (brown glass) shaped particles in these
layers can be related to fragmentation after the decompres-
sion wave produced by molten-coolant (magma-water) inter-
action with a brittle-type fragmentation mechanism in rhyo-
lite magmas, due to high viscosities [Zimanowski et al. 2015].
In this sense, Naranjo et al. [2017] associate the large volume

S

Presses universitaires de Strasbourg

of fine ash in MH with fragmentation induced by simultane-
ous phreatomagmatic explosions or pulses at different parts
of the collapsing crater. Moreover, the high vesicularity of
the magma batches evidenced by the highly vesicular pumice,
may have facilitated the brittle fragmentation during magma-
water interactions. Relatively low deformation energy is
required to fracture solid, highly vesicular material, resulting
in the emission of fine, dense ash fragments inherited from the
initial vesicular magma [Zimanowski et al. 2015; Thivet et al.
2022]. Sharp changes in grain size between MH subunits favor
abrupt shifts in both eruption intensity and magma:water ratio
[Houghton et al. 2010]. Further studies on the glassy fine ash
should demonstrate the presence of active particles as direct
evidence of phreatomagmatic fragmentation [Zimanowski et
al. 2015].

In MH, the dark-fine deposits were defined as lithic-rich
layers [Singer et al. 2008; Naranjo et al. 2017]. In this work,
on the other hand, obsidian and brown glassy particles of ho-
mogeneous composition resemble typical juvenile fragments
which, together with a significant amount of glass-covered
crystals, should result from the fragmentation of a degassed-
porphyritic magma in contact with water. Also, the complex
textures (banding, patchy textures) identified in the glass pop-
ulation were recently associated with the sintering of fine ash
(juvenile) inside the conduit, in bombs from the 2011 Cordén
Caulle eruption [Paisley et al. 2019; Schipper et al. 2021] re-
lated to effusive/explosive eruptive transitions [Wadsworth et
al. 2022}, this sintering process could be facilitated through
the generation of fine ash related to fragmentation mecha-
nisms. In comparison with such studies, our observations
provide information about the possible juvenile character of
glassy brown and obsidian particles from MH, rather than be-
ing considered as lithics. However, the analyses of the com-
ponentry along MH subunits evidence that GS and Ob are
the dominant particles during the first subunits which would
be, in theory, more related to the opening and widening of
the conduit. In this line of thought, possibly both processes
have occurred, and “glassy lithics” with juvenile-like textural
features originating from the destruction of a previous rhy-
olitic dome [Naranjo et al. 2017] can occur together with ju-
venile fragments from a coherent magma fragmenting during
ascent. An analogy with the process of sintering and welding
of fragmented materials sealing the shallow conduit [as pro-
posed by Schipper et al. 2021; Wadsworth et al. 2022] could
be inferred during periods of low magma supply. Adding the
effect of water entering the conduit, the fragmentation of a co-
herent clastogenic magma could have been generated. As far
as we know, our observations are the first textural descrip-
tions of MH particles, suggesting an important challenge in
the definition of this lithic vs. juvenile origin from the parti-
cles as an indicator of the degree of magma participation in
the explosive events. In this sense, due to the remarkable glass
homogeneous composition, a detailed subunit-by-subunit tex-
tural study of this kind of particles should be performed to
discriminate between juvenile and those lithics from the vent
opening previous units. Although detailed reconstructions of
moderate to large-scale rhyolite eruptions are limited, several
examples of phreatomagmatic/magmatic can be identified in
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the literature evidencing the complexity of the processed in-
volved [Houghton et al. 2010; Dellino et al. 2012].

At the study site, 2011CCis coarser than the 1960CC tephra
deposit, and 2011CC mode is composed almost totally of
pumice. However, if in 2011CC the grain size fraction sim-
ilar to the 1960CC mode is analyzed, the same componentry
is observed, with the presence mainly of pumice, scoria, crys-
tals, and obsidians. The observed differences just respond to
the variable intensity of both eruptions [Gonzélez-Ferran 1995;
Naranjo et al. 2017] and probably some difference in the direc-
tion of dispersion [Petit-Breuilh Sepulveda 2004]. Even consid-
ering that both events correspond to different exit vents, the
componentry is comparable as both break through the same
stratigraphy from a unique magma reservoir, and fragmenta-
tion processes are characterized as dry or magmatic dominant.
Few observations on small-moderate rhyolitic eruptions sug-
gest that the heterogeneity observed in components is a com-
mon feature, along with a complex tephra deposits stratig-
raphy, due to variable intensity of explosive activity, com-
plex magma outgassing history, hybrid eruptions, unsteady
column dynamics, long duration of events, variable wind di-
rection, among other factors [Schipper et al. 2013; Pistolesi et
al. 2015, and references therein]. The same component het-
erogeneity was identified in lake sequences at distal positions
for the latest Cordén Caulle eruptions [1960, 1921-22, mid-
18 century deposit; Daga et al. 2010; 2012; Sosa et al. 2024].
The 2011CC eruption was widely studied, discussing the ex-
istence of a large range of vesicular degrees in juvenile clasts
associated with the existence of sub-vents, shifts in eruption
intensity, and the occurrence of explosive-effusive processes
[Schipper et al. 2013; Wadsworth et al. 2022]. In these vents,
magma could ascend at different speeds. Those of slow as-
cent allowed the degasification of the magma with greater
efficiency, resulting in the absence of vesicles while faster
ascending zones generated high vesicular degree producing
pumice clasts [Schipper et al. 2013; Pistolesi et al. 2015]. How-
ever, multi-generational fragmentation and sintering were re-
cently proposed as characteristic processes within the shal-
low conduit during the explosive-effusive transition for the
2011 Cordén Caulle event; this process associates the pres-
ence of lava with rates of melt fracture and sintering rather
than outgassing through permeable bubble networks in melt
body [Schipper et al. 2021]. In that way, Crozier et al. [2022]
reinforce the role of degassing through magmatic fractures ac-
companying localized fragmentation and welding (or sinter-
ing) under conditions that enable effusive behavior. Anyway,
these complex processes could explain the variety of recrys-
tallization textures and the presence of cognate and lithic frag-
ments found within each level.

In comparison, deposits corresponding to the Cordén
Caulle fissural system, representing the most recent activity of
the PCCVC, showed component similarity, particularly with
the subplinian eruptive phases from the last Puyehue eruption,
with no supposed influence of water in the Cordén Caulle sys-
tem. The geochemical pattern is the same for juvenile com-
ponents from both the stratovolcano and the fissural system.
It is common in calc-alkaline magmas of shallow arcs, and the
anomalies are controlled by the crystallization of specific min-
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eral phases. Negative anomalies in Eu and Sr indicate low
oxygen activities and plagioclase crystallization in the mag-
matic chamber [Ca2+ compatible behavior; Rollinson 1993].
Ti and Ta negative anomalies may indicate crystallization
of ilmenite and cortical contamination, respectively [Wilson
1989]. All these features are the fingerprint of the postglacial
products from PCCVC (Figure 12). Together with the rel-
ative invariant latest geochemical fingerprint, it is suggested
that the magmatic source has remained unchanged through-
out the last millennium [Gerlach et al. 1988; Jicha et al. 2007,
Singer et al. 2008]. Also, considering that the most recent rhy-
odacite and rhyolite lavas and pyroclasts were restricted to the
Cordén Caulle fissure, and such products are compositionally
and isotopically similar to post-glacial lavas from Puyehue vol-
cano (without recent activity), a shifting of the volcanism to the
northwest was suggested [Gerlach et al. 1988]. Although CC
and MH erupted from different exit conduits and despite the
range of silica contents (throughout their evolution), both de-
fine similar geochemical trends that can be related to fractional
crystallization processes from a common parental source since
100 ky, and the eruptive style seems to be independent of the
geochemical signatures in the PCCVC|[Lara and Moreno 2006].

4.3 Tephrochronological implications

A wide variety of particle types, textures, and vesicular de-
grees were identified within each tephra level. Typical ju-
venile morphologies of magmatic and phreatomagmatic ex-
plosive processes have been recognized in all types of parti-
cles analyzed, and in all tephra deposits, coexisting with par-
ticles with juvenile-like morphologies but non-juvenile micro-
textures. White and pale-beige pumice fragments and glass
shards are the typical juvenile components in these deposits,
while brown pumice and scoria represent mainly (although
not strictly) non-juvenile particles due to identified recrystal-
lization and flow textures (like recycled or sintered particles
or lava fragments). Their proportions vary according to the
dominant mechanism of formation of units/subunits.

This aspect can also be significant when proposing volcanic
sources to correlate with sedimentary units in distant areas.
Geochemical fingerprinting of glassy shards is the most com-
monly used link between tephras to their source volcano, due
to the regional/continental dispersion they can reach [Lowe et
al. 2017]. However, in proximal to medial zones, the compo-
nentry of tephra deposits can facilitate the correlations, partic-
ularly in areas close to volcanic zones with high eruptive fre-
quency and/or the existence of several deposits from the same
volcanoes. This occurs in the study region, where the his-
torical/prehistorical eruptions from Cordén Caulle fissure, for
example, show a wide regional dispersion and limited range
in geochemical composition [Gerlach et al. 1988; Castro et al.
2013; Sosa et al. 2024, among others]. The discrimination be-
tween the most recent deposits, in most cases, can be difficult
when the successive record of eruptions is incomplete.

The most recent tephra deposits from Cordén Caulle (1921,
1960, and an event in the mid-18th century) were identified
in several lacustrine sequences at mid to distal PCCVC loca-
tions both to the east and west, exhibiting similar morpholog-
ical and geochemical variability in their components mainly
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in the eastward downwind records [Bertrand et al. 2008; Daga
et al. 2010; 2012; 2014; Sosa et al. 2024]. In such works, al-
though the different types of particles were mainly considered
as juveniles, their identification resulted in a valuable tool for
correlation purpose and chronostratigraphic application. Here
lies the importance of characterizing the components in both
proximal and medial deposits, as well as distal ones. Recently,
a deposit correlating with an 18" century Cordén Caulle erup-
tion (an event mentioned in historical records) was identified
in lacustrine records, with no evidence found in outcrops [Sosa
et al. 2024]. Lake sequences, even at remote positions, can pro-
vide complete and higher resolution eruptive archives than
outcrop stratigraphy, being also generally responsive to radio-
carbon dating [Bertrand et al. 2014; Alloway et al. 2022}, how-
ever, their interpretations are greatly favored if the proximal
pyroclastic deposits are appropriately characterized.

5 CONCLUSIONS

The latest eruption of the Cordén Caulle fissure system in
2011 gave the possibility of great advances in studies about
the deposit and the involved eruptive processes while, as far
as we know, our observations are the first textural analyses
performed in the tephra deposit related to the formation of the
current crater of Puyehue volcano. Even though their differ-
ent emission centers and eruptive styles, great similarity was
found between their pyroclastic products. On the other hand,
the variability of features within each tephra lager, such as the
type of particles and their vesicular arrangements, linked to
specific magma fragmentation conditions, evidence the com-
plexity of the extrusion processes in the PCCVC over the last
millennium. The particles analyzed in this work are associated
with explosive processes, via both dry and wet mechanisms.

The study of the external morphology of particles is an im-
portant but limited tool for identifying their origin and source
volcano. However, the mechanisms that generate these par-
ticles can preserve characteristic features in pyroclasts, fun-
damental for understanding volcanic processes and determin-
ing the eruptive style. Textural studies, therefore, combined
with groundmass glass composition, have shown potential in
differentiating juvenile from non-juvenile particles. Specifi-
cally, vesicular brown glass shards are generally associated
with a juvenile origin in pyroclastic deposits. Nevertheless,
the variations in the internal textures observed in these par-
ticles are typically indicative of a non-juvenile origin, such
as recycled pyroclasts, broken lavas or obsidian fragments.
However, comparison with recent studies on products from
the 2011 Cordén Caulle eruption allows us to infer that glass
shards can be possibly generated from recycling processes, or
sintering, of coeval (or almost coeval) particles during a single
eruption, highlighting their juvenile character.

Since the dominant fragmentation mechanism differs for
the Cordén Caulle system and Puyehue volcano from dry to
wet, respectively, the similarity of the particles is striking. At
least, the possibility that part of the components previously de-
fined as lithics for MH tephra may correspond to juvenile ma-
terial must be considered. Moreover, the presence of such tex-
tures throughout the sedimentary column suggests that con-
temporary pyroclastic reheating and sintering processes could
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be a recurrent phenomenon in the various tephra emission
centers. This is fundamental to avoid incorrect interpreta-
tions of the amount of juvenile material emitted in an eruption.
These results enhance our understanding of the deposits and
prompt reconsiderations of previous assumptions. Neverthe-
less, the variability of tephra deposits components, whether
juvenile or lithic, is a highly valuable tool for tephra-
correlation purposes, potentially characteristic of the PCCVC.

From a volcanological perspective, the high abundance of
highly vesicular pumice throughout the sedimentary column
suggests that decompression-driven gas exsolution was the
main process in all postglacial eruptive events of the PC-
CVC, mainly at the Cordén Caulle system, as reflected in the
type of eruptions. Additionally, wet fragmentation mecha-
nisms producing low-vesicular to blocky fragments due to in-
fluence of water have alternated with magmatic mechanisms,
particularly in the last event from Puyehue volcano. How-
ever, changes in effusive and explosive eruptive styles within
a single eruption should be considered as a hypothesis if a di-
versity of textures are found, such as those presented in this
study. A detailed textural and geochemical study of the abun-
dance and variation of different components between sub-
units could enhance our understanding of the multi-phased
events that shaped the current configuration of the Puyehue
stratocone and the potential reasons of the shift of volcanism
to the Cordén Caulle fissure system.
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