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ABSTRACT. In the Chilean Frontal Cordillera between 28.5 and 30.5° S, two volcano-sedimentary succesions of
Late Guadalupian to Middle Triassic age croup out: the El Tapado (Late Guadalupian-Lopingian) and Guanaco Sonso
(Late Lopingian-Middle Triassic) formations, representing the westernmost exposures of the Choiyoi Group and post-
Choiyoi magmatism. Recently, these two units have been characterized in detail, shedding light into the tectonic and
climatic context of the late stages of the Choiyoi magmatism, and, more generally, the geology of intra-arc successions in
the southwestern Gondwana margin. In this work, we present a stratigraphy and lithofacies analysis of three stratigraphic
sections studied in the La Laguna sector (30-30.5° S), comprising rocks of the El Tapado and Guanaco Sonso formations.
The former is dominated by caldera-related rhyolitic to dacitic ignimbrites accumulated in depocenters associated with
the extensional activity of major structures. Lacustrine and fluvial-alluvial deposits interbedded in this rock unit were
mainly controlled by volcaniclastic input and subsidence dynamics, and record the transition from relatively humid
conditions to semi-arid or even arid conditions during the Late Guadalupian-Lopingian, consistent with regional
paleoclimatic observations. On the other hand, the Guanaco Sonso Formation presents mainly intermediate, proximal
(near-vent) volcanic products that denote a varied volcanism in terms of composition and eruptive style, likely controlled
by structures and tectonics. We conclude the southwestern Gondwana margin sustained high-explosivity, silicic volcanism
(El Tapado) that transitioned into a more varied, mainly intermediate volcanism (Guanaco Sonso). This activity ultimately
gave way to the basaltic-andesitic to bimodal products that characterized the final part of the pre-Andean stage during
the Triassic in this region.
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RESUMEN. Arquitectura de litofacies en un ambiente de intrarco: un caso de estudio en el arco magmatico
Pérmico-Triasico de la Cordillera Frontal chilena (30-30,5° S). En la Cordillera Frontal chilena, entre los 28,5 y
30,5° S, afloran dos sucesiones volcanosedimentarias de edad guadalupiana tardia a tridsica media: las formaciones
El Tapado (Guadalupiano tardio-Lopingiano) y Guanaco Sonso (Lopingiano tardio-Tridsico medio), que representan
las exposiciones mas occidentales del Grupo Choiyoi asi como del magmatismo post-Choiyoi. Estas dos unidades han
sido recientemente caracterizadas en detalle, lo que esclarece el contexto tectonico y climatico de las tltimas etapas
del magmatismo Choiyoi y, mas en general, la geologia de las sucesiones de intrarco en el margen suroccidental
de Gondwana. En este trabajo se presenta un andlisis estratigrafico y de litofacies de tres secciones estratigraficas
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estudiadas en el sector La Laguna (30-30,5° S), que comprenden rocas de las formaciones El Tapado y Guanaco Sonso.
La primera esta dominada por ignimbritas rioliticas a daciticas asociadas a calderas, acumuladas en depocentros generados
por actividad tectonica extensional. Los depositos lacustres y fluvioaluviales intercalados en esta unidad estuvieron
controlados principalmente por los aportes volcanoclasticos y la dinamica de subsidencia, y registran la transicion de
condiciones climaticas relativamente himedas a condiciones semidridas o incluso aridas durante el Guadalupiano tardio-
Lopingiano, consistente con observaciones paleoclimaticas regionales. Por otro lado, la Formacion Guanaco Sonso
presenta productos volcanicos proximales (i.e., cercanos a los centros de emision) y de composicion intermedia, lo cual
denota un volcanismo variado en términos de composicion y estilo eruptivo, probablemente controlado por estructuras y
tectonismo. Se concluye que el volcanismo silicico de alta explosividad observado en la Formacion El Tapado evoluciond
a una actividad volcanica mas variada, principalmente intermedia, representada por la Formaciéon Guanaco Sonso.
Esta actividad finalmente dio paso a los productos andesitico-basalticos a bimodales que caracterizaron la parte final de
la etapa pre-Andina durante el Tridsico en la region.

Palabras clave: Formacion El Tapado, Formacion Guanaco Sonso, Asociaciones de litofacies, Cordillera Frontal chilena, Grupo Choiyoi.

1. Introduction

The Permian-Triassic evolution of the southwestern
Gondwana margin (present-day South America) is
marked by the widespread volcanism associated
with the Choiyoi Magmatic Province (Sato et al.,
2015). This continental-scale province is equivalent
in volume to silicic large igneous provinces (SLIPs)
worldwide, but its magmatic products are less silicic
than common SLIPs (Bastias-Mercado et al., 2020).
The geotectonic setting that promoted the Choiyoi
magmatism is contentious, and it could correspond
to either a non-convergent margin with orogenic
collapse/slab breakoff (Mpodozis and Kay, 1992;
Gianni and Navarrete, 2022) or to an active subduction
zone (Rocher ef al., 2015). Whereas the extension
and composition of the igneous units that crop out
in Argentina make them difficult to reconcile with
a subduction zone magmatism, detailed geological,
petrographic, and geochemical studies carried out
in Chile and some areas of Argentina (Rocher et
al., 2015) provide evidence that subduction is the
most likely setting for the observed magmatism
(e.g., del Rey et al., 2016; Coloma et al., 2017;
Gonzalez et al., 2018; Oliveros et al., 2020).

The geological evolution of the Choiyoi Group
is also important in terms of the long-term climate
effects caused by its protracted, highly explosive
volcanic activity, whose deposits can be found along
>3,000 km of the South American continental margin
(Bastias-Mercado et al., 2020, and references therein).
In fact, it has been suggested that the sedimentary
substratum in which the magmatic activity took
place may have triggered significant atmospheric
compositional changes, inducing a climate response
on a continental, if not global, scale (Spalletti and

Limarino, 2017). Prior studies related the Permian
to Early Triassic volcano-sedimentary sequences
and plutonic rocks of the Frontal Cordillera in Chile
to the Choiyoi Group, particularly based on their
lithological, geochemical, and geochronological
characteristics (Maksaev ef al., 2014; Sato et al.,
2015; Velasquez et al., 2021). However, scarce
sedimentary rock records of Permian age have so far
been reported from Chile, and thus little is known
about the paleoenvironmental context of the Choyoi
Group at the continent’s edge. In addition, even
though the Chilean Frontal Cordillera between 28.5
and 30.5° S provides excellent outcrops for the study
of the Choiyoi-related igneous and sedimentary rocks
(Fig. 1), the remoteness of this area has hampered
the development of detailed stratigraphic and
sedimentological studies, with remarkable exceptions
involving Triassic rocks at ~29° S (Lopez et al.,
2015; Salazar and Coloma, 2016).

The recently discovered Permian to Triassic
volcano-sedimentary section exposed in the La Laguna
sector (30-30.5° S; Figs. 1 and 2; Velasquez et al.,
2021), provides an unprecedented, almost continuous
record of ~30 Myr of volcanic and sedimentary
activity within an intra-arc environment in the
outboard of SW Gondwana, penecontemporaneous
to the Choiyoi magmatism. In consequence, this
work attempts to unravel the roles of volcanism,
sedimentation, and tectonism behind the facies
architecture of these rocks, in order to establish a
solid relationship with the Choiyoi Group at around
the 30-30.5° S latitude segment. Complementary
insights into the paleoenvironmental evolution of
the observed intra-arc setting as well as possible
paleoclimatic controls in the sedimentary record of
the study area (cf. Limarino ef al., 2014) will also
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FIG. 1. Location and regional geological context of the study area. A. Position on the southwestern margin of Gondwana and
tectonosedimentary context of the study area (modified from Salazar ez al., 2020). The box encloses the area of figure 1B.
B. Outcrops of Gondwanan and pre-Andean magmatism in the Frontal Cordillera between 28°30° S and 30°30’ S. The geological
information comes from 1:100,000 scale mapping by Sernageomin in Chile (Salazar et al., 2013; Ortiz and Merino, 2015;
Salazar and Coloma, 2016; Murillo et al., 2017; Velasquez et al., 2021), and 1:250,000 scale mapping by Segemar in Argentina
(Cardo et al., 2005, 2007; Cravero et al. (2009)). The box encloses the study area. C. Geochronology of Gondwanan and pre-
Andean volcanism in the Frontal Cordillera between 28-32° S.

be provided. Finally, the volcanic evolution of the As a foundation for this work, this research
study area during the Triassic will be compared with presents a detailed stratigraphic characterization and
that observed at ~29° S in Chilean territory to check lithofacies analysis, together with the structural and
for regional consistencies. geochronological controls, of two volcano-sedimentary
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FIG. 2. Geological map of the study area (see figure 1B for location). The stratigraphic sections of this work are indicated, together
with a correlated section of Murillo et al. (2017) (see Section 5). Figure modified from Murillo et al. (2017) and Velasquez

et al. (2021).

units of Late Guadalupian to Middle Triassic age
exposed in the La Laguna sector. The results build on
Castillo (2021), which was carried out together with the
Pisco Elqui and Paso del Agua Negra 1:100,000-scale
geological map published by Sernageomin in 2021
(Velasquez et al., 2021).

2. Geological setting
The Paleozoic and Early Mesozoic tectonic

evolution of the southwestern margin of Pangea/
Gondwana comprises, at least, the Gondwanan

(Carboniferous to Early Cisuralian) and Andean
(Rhaetian to Early Cretaceous) cycles, with the
pre-Andean (Middle Cisuralian to Norian) stage
in between (sensu Oliveros et al., 2020). The
Gondwanan and Early Andean cycles are periods
of contrasting plate convergence conditions
(e.g., Charrier ef al., 2007; Oliveros et al., 2020).
The geotectonic setting of the pre-Andean stage,
which marked the final assembly of Gondwana
and the onset of the conditions that eventually led
to its breakup (e.g., Charrier et al., 2007), is more
contentious, but recent evidence strongly supports
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it involved subduction and the development of a
magmatic arc (del Rey et al., 2016; Coloma ef al.,
2017; Espinoza et al., 2019; Oliveros et al., 2020).

In the Frontal Cordillera of Chile between 28.5 and
30.5° S, the Late Cisuralian-Lopingian magmatic arc
is represented by the dominantly rhyolitic to dacitic
pyroclastic and lava successions of the Laguna Chica
and the El Tapado formations (Salazar and Coloma,
2016; Velasquez et al., 2021) (Fig. 1), associated with
high-volume, explosive volcanic eruptions. The Late
Cisuralian-Guadalupian Laguna Chica Formation
comprises mainly dacitic to rhyolitic ash tuffs and
lapilli-ash tuffs, with a few lavas and volcaniclastic
sandstone lenses (Salazar and Coloma, 2016; Velasquez
et al., 2021). The Late Guadalupian-Lopingian
El Tapado Formation unconformably overlies the
Laguna Chica Formation and has two lithofacies
associations (Fig. 2): a dominant pyroclastic one of
rhyolitic to dacitic lapilli-ash tuffs to ash-lapilli tuffs
and subordinated intermediate to basic lavas, and a
sedimentary one of limestones, sandstones, tuffites,
and evaporites (Velasquez ef al., 2021). Plutonism
during this period is associated with the Las Tolas
Metatonalite (~270 Ma), interpreted as a syn-to-post
tectonic pluton developed in the latest stages of the
San Rafael orogenic phase (Velasquez et al., 2021).
More broadly, the plutonic and hypabyssal intrusive
rocks of Middle Permian to Early Triassic age are
closely related, and partially intrude, the coeval
volcanic formations (Salazar and Coloma, 2016;
Velasquez et al., 2021).

The Late Lopingian-Middle Triassic arc is
represented by the widely extended Guanaco Sonso
Formation (Salazar and Coloma, 2016) and voluminous
acid intrusive rocks of the Chollay (Salazar and
Coloma, 2016) and Piuquenes (Velasquez et al.,
2021) plutonic complexes, which partially intrude it
(Figs. 1 and 2). The Guanaco Sonso Formation, which
unconformably overlies the El Tapado Formation,
comprises ignimbrites, tuffaceous breccias, and lavas
ranging from dacitic to andesitic in composition,
together with subordinate sedimentary intercalations,
and has been associated with high explosivity, caldera-
forming eruptions (Lopez et al., 2015; Salazar and
Coloma, 2016; Velasquez ef al., 2021).

The Late Triassic volcanism is marked by lava
and pyroclastic basaltic to rhyolitic rocks of the
Pastos Blancos and the La Totora formations, whereas
plutonism is markedly granitic (Salazar et al., 2013;
Ortiz and Merino, 2015; Salazar et al., 2020; Velasquez
etal., 2021) (Fig. 1).

In the Frontal Cordillera of Argentina, the Permian-
Early Triassic volcanism is predominantly represented
by the Choiyoi Group, characterized by an andesitic
to dacitic lower section and a dominantly rhyolitic
upper section, which overlay folded sedimentary
turbidites of the Cerro Agua Negra Formation (Sato
and Llambias, 1993; Heredia et al., 2002). The
intrusive equivalents of the Choiyoi Group consist
mainly of granodioritic and granitic rocks grouped into
the Colangiiil Batholith (Llambias et al., 1993; Sato
etal.,2015). Post-Choiyoi volcanism is represented
by thin volcanic and pyroclastic deposits interlayered
in Triassic sediments (Sato et al., 2015).

During the pre-Andean stage, an extensional
structural regime likely prevailed in the southwestern
margin of Gondwana, as suggested by different studies
in Argentina on rocks of the Choiyoi Group that
show numerous normal faults controlling variations
in thickness and distribution of deposits at local and
regional scales (e.g., Heredia et al., 2002; Giambiagi
and Martinez, 2008; Rocher and Vallecillo, 2014).
In addition, a series of mainly west-dipping regional
normal faults (Fig. 1B) apparently controlled the
development and location of large calderas during the
Choiyoi volcanism (Llambias and Sato, 1995; Rocher
and Vallecillo, 2014), with extension propagating
from east to west creating successive depocenters
(Malizia et al., 1999; Heredia et al., 2002; Cardd
etal.,2005). Likewise, in the study area, the Olivares
and Carmen faults (Fig. 2) are thought to have had
normal activity during the Permian, accommodating
volcanic deposits (Velasquez et al., 2021).

The Triassic part of the pre-Andean stage witnessed
the development of NW-SE trending rift basins in the
forearc (San Félix; Salazar et al., 2020) and retroarc
(Bermejo, Cuyo; Barredo et al., 2012; Sato et al.,
2015) areas of SW Gondwana (Fig. 1A). Sedimentation
in the San Félix basin, however, would have begun
as early as ~255 Ma and extended into the Middle
Triassic according to U-Pb ages of detrital zircons
(Fig. 1C; Salazar et al., 2020).

A significant deformation event during the pre-
Andean stage is the Huarpica extensional phase,
represented in Argentina by a regional discordance
that separates the Choiyoi Group volcanics from
the overlying Late Triassic-Early Jurassic deposits
associated with the rift basins (Fig. 1C). The
Huarpica phase is thus interpreted as the beginning
of the Triassic rifting along crustal weakness zones,
inherited from the accretion of allochthonous
terranes along the southwestern margin of Gondwana
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(Charrier et al., 2007; Llambias and Sato, 2011;
Sato et al., 2015). On the other hand, in the Frontal
Cordillera of Chile, the Permian to Triassic stratigraphic
record is marked by three discordances (Fig. 1C).
The three deformational events interpreted from
these discordances have a more local influence and
cannot be directly correlated to the Huarpica phase,
mostly because there are no clear equivalents to the
Choiyoi Group and Triassic rift basin deposits in
Chile. Nevertheless, these discordances have been
interpreted as exhumation events developed in an
extensional tectonic setting, similar to that of the
Huarpica phase in Argentina (Salazar et al., 2020;
Velasquez et al., 2021).

Along the Frontal Cordillera, the pre-Andean
stage deposits have been affected by thick-skinned
deformation linked to Eocene and Miocene
compressional events (Moscoso and Mpodozis, 1988;
Fosdick et al., 2015; Lossada et al., 2017). Thus, in
the study area, these rocks are arranged in structural
blocks separated by regional reverse and inverted
normal faults (Velasquez et al., 2021) (Fig. 2).

3. Methodology

Three stratigraphic sections were described in
the La Laguna sector (Fig. 2), together with the
collection of new geological and structural data.
This was complemented with data from previous
field campaigns of Sernageomin and petrographic
descriptions of 50 thin sections. The lithofacies coding
used in this work is based on the nomenclature of
D’Elia et al. (2012) for volcanic rocks, Branney and
Kokelaar (2002) for pyroclastic rocks, and Miall
(2006) for sedimentary rocks.

The petrographic descriptions were carried out with
an Olympus polarizing microscope, model BX51, with
amagnification range of 4-40x. The photomicrographs
were taken with a 5 MP Micrometrics camera with a
CCD sensor, model 590CU. For lavas and pyroclastic
rocks, the International Union of Geological Sciences
(IUGS) classification scheme (Le Maitre et al., 2002)
was used, while for siliciclastic and carbonate rocks,
the nomenclature of Folk (1954, 1980) and Dunham
(1962) were employed.

4. Stratigraphy and lithofacies analysis
Three stratigraphic sections were described in

rocks of the El Tapado and Guanaco Sonso formations:
Ingaguas, El Tapado, and Las Tetas (Fig. 3). These

sections are part of different structural blocks,
bounded by the Baifos del Toro, La Laguna, and
Olivares faults (Fig. 2). The Las Tetas and El Tapado
sections (modified from Castillo, 2021), placed in
the eastern and central blocks respectively, comprise
pyroclastic and sedimentary rocks of the El Tapado
Formation, whereas the Ingaguas section (modified
from Velasquez et al., 2021), placed in the western
block, includes dominantly pyroclastic rocks of the
Guanaco Sonso Formation.

The lithofacies analysis carried out in this work
allowed for the definition of 32 lithofacies: 18 volcanic
and 14 sedimentary, whose codes, descriptions, and
interpretations are shown in table 1. These lithofacies
were grouped into lithofacies associations, from
which the depositional environments were inferred,
as illustrated in figure 3. Hereunder, the description
and interpretation of each lithofacies association is
presented. More comprehensive information on this
section can be found in Appendix A: Stratigraphy
and lithofacies analysis.

4.1. Volcanic lithofacies associations

4.1.1. Mafic volcanism

VM 1: Basaltic-andesitic to andesitic lavas (cB, cA)
Description: Packages of meter-scale, coherent
basaltic-andesitic (cB) to andesitic (cA4) lavas (Fig. 4A).
The lavas are mostly porphyritic and subordinately
aphanitic in texture, with plagioclase and olivine
phenocrysts in the case of ¢B, and plagioclase and
subordinate amphibole phenocrysts in the case of
cA. Amygdaloidal texture is common in these lavas,
particularly in ¢B, with calcite and zeolite fillings
(Fig. 4B). The packages develop columnar jointing
and lose lateral continuity after several tens of meters.
Interpretation: Subaerial mafic to intermediate
lava flows of relatively low volume, probably very
close to the emission center. Their amygdaloidal
texture indicates significant volatile exsolution
(e.g., McPhie et al., 1993).

4.1.2. Intermediate volcanism

VI1: Proximal andesitic volcanism (mBr, mILT,
fimT, cA)

Description: This association groups massive
pyroclastic breccias (mBr), lithic-rich massive
ash-lapilli tuffs (m/LT), fine-rich massive ash tuffs
(frmT), and subordinate andesitic lavas (c4). mBr
and mILT are matrix-supported, poorly to very poorly
sorted, and contain mostly polymictic volcanic
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FIG. 3. Stratigraphic scheme of the study area. The stratigraphic sections described in the Ingaguas, El Tapado, and Las Tetas areas are presented from west to east (see map and figure 2 for locations). The lithofacies and lithofacies associations defined in this
work are indicated in each section. The Lithofacies Associations Summary (LAS) synthesizes the main volcanic products and sedimentary environments interpreted. The same colors from the LAS are used in the paleoenvironmental scheme of figure 11.
All U-Pb zircon ages are from Velasquez et al. (2021). The legend and symbology in this figure also apply to the rest of the stratigraphic schemes in this work.



LITHOFACIES ARCHITECTURE WITHIN AN INTRA-ARC ENVIRONMENT...

TABLE 1. CARACTERIZATION OF THE LITHOFACIES DEFINED IN THIS WORK.

Geometry and

Lithofacies Lithology Description thickness Interpretation Associations
Volcanic rocks
cB Basaltic andesite  Coherent lava. Aphanitic Tabular to lenticular. ~ Subaerial mafic lava flow. VM1
to porphyritic. Sometimes ~ Meter-scale layers.
with high amygdule
content.
cA Andesite Coherent lava. Porphyritic ~ Tabular. 0.5-2 m Subaerial intermediate lava VM1; VI1
to aphanitic. Locally thick. flow.
amygdaloidal.
cD Dacite Coherent lava. Massive. Tabular. 0.5-3 m Subaerial felsic lava flow.  VI2
Slightly porphyritic. thick.
mBr Breccia to Massive. Matrix- Irregular. Erosive High-energy pyroclastic VII; VI2
tuffaceous supported. Very poorly to flat base. density current deposit.
breccia sorted. Decimeter- to meter-  Deposition controlled by
scale layers. fluid escape or granular
flow.
mBrf Breccia to Massive. Matrix- Irregular. Erosive High-energy pyroclastic VI2
tuffaceous supported, with clast- to flat base. density current deposit.
breccia supported local domains. ~ Decimeter- to meter- Deposition controlled by
Poorly sorted. Fabric of scale layers. fluid escape, but with
clasts elongated parallel significant shear near the
to the bedding plane. base of the current and
Commonly with inverse hence a granular flow
lithic gradation. component.
dbBrf Breccia to Diffusely bedded. Matrix-  Irregular. Erosive to  High-energy pyroclastic VI2
tuffaceous supported, with clast- flat base. Decimeter-  density current deposit.
breccia supported local domains.  to meter-scale Deposition controlled by
Poorly to moderately layers. granular flow, as energy
sorted. Fabric of clasts transfer between particles
elongated parallel to the becomes less than frictional
bedding plane. Commonly forces.
with inverse lithic
gradation.
mLT (e) Ash-lapilli tuff Massive. Matrix- Tabular. Flat to Pyroclastic density current ~ VI3; VF1;
to lapilli-ash tuff  supported. Poorly to very ~ gradational base. deposit. Deposition VE3
poorly sorted. Lithic clasts Decimeter- to meter- controlled by fluid
up to 8 cm in diameter. scale layers. Sets escape, facilitating rapid
Fiamme up to 12 cm long  of several tens of aggradation.
(when present). With or meters (<150 m in
without eutaxitic texture. total).
Sometimes with normal or
inverse lithic gradation.
miLT (e) Ash-lapilli tuff Similar to mLT, but with Tabular to irregular. ~ Pyroclastic density current ~ VI1; VF1
a high concentration of Erosive flat to deposit. Deposition
lithics (>25%vol.). irregular base. Few  controlled by fluid escape,
dm thick. with energy level in
between mLT and mBr:
mLTf (e) Ash-lapilli tuff Similar to mLT, but witha  Tabular. Flat to Pyroclastic density current ~ VF3

to lapilli-ash tuff

fabric of clasts elongated
parallel to the bedding
plane.

gradational base.
Centimeter- to
decimeter-scale
layers.

deposit. Deposition
controlled by fluid escape,
but with significant shear
near the base of the current
and hence a granular flow
component.



Castillo et al. / Andean Geology 52 (1): 1-46, 2025

Table 1 continued.

Geometry and

Lithofacies Lithology Description thickness Interpretation Associations

dbLT Ash-lapilli tuff Diffuse bedding and Tabular. Flat to Pyroclastic density current ~ VF2

to ash tuff stratification, defined by slightly erosive base. deposit. Deposition under
gradations (normal or Some dm to a few conditions intermediate
inverse) of fragment size m-thick layers. between those dominated
and concentration. Matrix- by fluid escape and traction
to clast-supported. Poorly in terms of concentration
to moderately sorted. and shear gradients. It
Relatively low fragment records subtle instabilities
size (generally <1 cm). in the particle concentration
Fabric of clasts elongated or velocity of a current as it
parallel to the bedding deposits.
plane.

bLT Ash-lapilli tuff Similar to dbLT, but with ~ Tabular. Centimeter- Analogous to dbLT, VF2

to ash tuff abrupt, better defined scale layers. but with more abrupt

bedding planes. instabilities during
deposition.

frmT (e) Ash tuff Massive. Matrix- Tabular. Flat base. Smaller grain-size VI1; VI3
supported. Poorly sorted, =~ Decimeter-scale equivalent of lithofacies
fine-rich and with scarce layers. mLT. Low-concentration
lithics. Fine to coarse ash pyroclastic density current
size, with very scarce deposit, with aggradation
lapilli, May have eutaxitic controlled by fluid escape.
texture.

sT Ash tuff Discontinuous horizontal ~ Tabular to lenticular.  Pyroclastic density current ~ VF3
stratification, with Flat, erosive or deposit. Deposition
occurrence of erosive gradational base. dominated by traction
truncations. Clast- Centimeter- to processes.
supported. Good to decimeter-scale
moderate sorting. Coarse  layers.
ash size.

xsT Ash tuff Low angle cross- Tabular to lenticular.  Pyroclastic density current ~ VF2; VF3
lamination with low Flat, erosive or deposit. Deposition
lateral continuity. Clast- gradational base. dominated by traction
supported. Good sorting. Centimeter- to processes. Current with
Coarse ash size. decimeter-scale low aggradation rate, or too

layers. Internal unstable to keep a sustained
erosive truncations.  deposition.

mT Ash tuff Massive. Good sorting. Tabular. Flat base. Ash-fall deposit. VF1; VF2
Coarse to fine ash size. <80 cm-thick layers.

Slight vesicular texture
(<10%vol.).

//sT Ash tuff Continuous horizontal Tabular. Flat base. Ash-fall deposit, or a co- VF1; VF2;
stratification. Good <20 cm-thick layers. ignimbrite deposit formed ~ VF3
sorting. Fine to coarse by an ash-rich pyroclastic
ash size. density current.

//sTves Ash tuff Discontinuous horizontal ~ Tabular. Flat base. Ash-fall in humid VF2
stratification. Vesicular <30 cm-thick layers. conditions (e.g., due to
texture (25-30%vol.) with rain, or in the context of a
ellipsoidal to irregularly phreatomagmatic eruption).
shaped vesicles.

Moderately sorted.
Rp Ash tuff to Massive to diffusely Tabular. Flat base. Pyroclastic airfall or flow L2; L3

lapilli-ash tuff

laminated. Poorly to
moderately sorted. Coarse
ash and sparse lapilli.

<50 cm-thick layers.

redeposited subaqueously
by epiclastic processes.



Table 1 continued.

LITHOFACIES ARCHITECTURE WITHIN AN INTRA-ARC ENVIRONMENT...

Geometry and

Lithofacies Lithology Description thickness Interpretation Associations

Sedimentary rocks

Gem Conglomerate Clast-supported. Massive.  Lenticular to Inertial bedload, deposited  F1

Moderately sorted. tabular. Erosive to by a turbulent pseudo-
gradational base. plastic debris flow.
<30 cm-thick layers.

Gmm Gravelly Matrix-supported. Tabular to lenticular.  Hyperconcentrated Al
sandstone Massive. Poorly sorted. Flat to slightly supercritical flow deposit.
to sandy Clasts up to 20 cm in erosive base. 0.2 to
conglomerate diameter, commonly 1 m-thick layers.

oriented parallel to the
stratification plane.

Gh Conglomerate Clast- to matrix-supported, Tabular. Erosive Longitudinal bedforms. F1
to gravelly with horizontal bedding. to flat base. A few Bedload deposition in
sandstone Poorly to moderately dm to a couple of episodes of high water and

sorted. Commonly with m-thick layers. sediment discharge.
imbrications.

Gp Conglomerate Clast- to matrix-supported, Tabular. Flat to Transverse bedforms, Fl1
to gravelly with planar crossbedding.  erosive base. A few  deltaic growths from
sandstone Moderately to poorly dm to a couple of remnants of old bars.

sorted. m-thick layers.

Ss Conglomerate Massive or with poorly Irregular to Scour-pool fill deposits. Fl1
to gravelly defined lamination. Poorly lenticular. Erosive
sandstone to moderately sorted. to gradational base.

<20 cm-thick layers.

Sm Sandstone Clast-supported. Massive ~ Markedly tabular Rapid sedimentation from  VI2; L2;
to gravelly to diffusely laminated, to irregular. Flat high-energy flows in LS1; LS2
sandstone commonly with normal to erosive base. waning conditions.

gradation. Moderate Centimeter- to
to good sorting (varies decimeter-scale
to poor, depending on layers.
vitroclastic content).

Swr Sandstone (fine-  Wave rippled, varying to Wavy to lenticular. Tractional sedimentation by L3; LS1
to medium- sinuously laminated or Erosive base. oscillatory flows.
grained) even massive. Good to Millimeter- to

moderate sorting. centimeter-scale
layers.

Shi Sandstone Horizontal lamination or Tabular. Flat to Supercritical (relatively F1; Al

bedding, with oriented erosive flat base. high energy and low depth)
clasts. Moderate to good Centimeter- to flow deposit.

sorting. Normal gradation  decimeter-scale

is common. layers.

Sh2 Sandstone Horizontal lamination, Tabular. Flat base. Lower-energy equivalent Al
to muddy with oriented clasts. Centimeter- to of Shl. Supercritical to
sandstone Moderate to poor sorting.  decimeter-scale subcritical flow deposit.

layers.

Fl Mudrock to Fine horizontal Tabular to Decanting of fine- L1;L2;L3;

sandy mudrock  lamination. Sand is very lenticular. Flat suspended sediment in LS1; LS2

fine- to fine-grained when
present.

base. Millimeter- to
decimeter-scale
(<40 cm) layers.

low-energy conditions.
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Table 1 continued.

Geometry and

Lithofacies Lithology Description thickness Interpretation Associations
Fm Mudrock to Massive or with loose Tabular to Decanting of fine- F1;L2; LS1
sandy mudrock  lamination. lenticular. Flat suspended sediment in
base. Millimeter- to  low-energy conditions.
decimeter-scale
(<40 cm) layers.
Ll Calcilutite to Fine horizontal Tabular. Flat base. Decanting of suspended VI2; L1
calcarenite lamination. Decimeter-scale biogenic calcareous
layers. material.
Ec Evaporitic - Lenticular. Direct precipitation of LS1;LS2
calcite Millimeter- to calcium carbonate.
centimeter-scale
layers.
Eg Evaporitic - Tabular. Centimeter-  Direct precipitation of LS2
gypsum to meter-scale hydrated calcium sulfate.

layers.

For each volcanic and sedimentary lithofacies, a brief description is presented in terms of its lithology, general features, geometry, and
thickness, along with an interpretation derived from those characteristics. The symbol ‘e’ stands for eutaxitic texture and is added at
the beginning of the code of some lithofacies when this feature is present; for example: emLT.

lithics and plagioclase crystals in a vitreous matrix.
Locally, mILT shows abundant juvenile andesitic
lithics with elongated to equidimensional shapes,
diffuse to well-defined rounded edges, and variable
crystallinity grade (Fig. 4C). frmT is matrix-supported
and poorly sorted, with an abundant vitreous matrix
surrounding mostly plagioclase crystals; while c4
has a porphyritic texture, with scarce plagioclase
phenocrysts.

Interpretation: mBr and mILT are proximal (i.e., near-
vent) volcanic deposits associated with high-energy
pyroclastic density currents, with fluid escape as the
dominant depositional control, as suggested by their
massive structure and poor sorting (e.g., Branney and
Kokelaar, 2002; Sulpizio and Dellino, 2008). The
variable shape, texture, and crystallinity grade of the
juvenile lithics in m/LT suggest differences in magma
rheology, which may be associated with magmatic
chamber zonation (e.g., Hernando et al., 2019). fimT
is interpreted as a smaller grain-size equivalent of
mLT, formed by low-particle-concentration pyroclastic
density currents, depleted in lithics. The intercalation
of lavas and high- to low-concentration pyroclastic
flow deposits is attributed to variable volatile content
in the magmatic source, possibly associated with

cycles of new magma injection. Mineral content
suggests overall andesitic compositions.

VI2: Proximal dacitic volcanism (cD, mBr, mBrf,
dbBrf, Sm, Ll)

Description: Massive pyroclastic breccias (mBr)
and massive to diffusely bedded pyroclastic breccias
with directional grain fabric (mBrf, dbBrf) of dacitic
composition, intercalated with dacitic lavas (¢D),
massive sandstones (Sm), and redeposited calcilutites
(L]). The breccias (mBr, mBrf, dbBrf) are generally
poorly sorted and matrix-supported, and form
decimeter- to meter-scale layers. Particularly, mBrf
and dbBrfdevelop inverse lithic gradation and have
clast-supported domains (Fig. 4D). In the lower part
of the Ingaguas section, the breccias are capped
by thin levels of calcilutites of tabular to irregular
shape, with abrupt thickness variations and partially
mixed with the vitreous ash matrix (Fig. 4D). ¢D lava
flows are massive, slightly porphyritic in texture,
and have plagioclase phenocrysts. Sm are fine- to
medium-grained sandstones, arranged in centimeter-
to decimeter-scale tabular layers.

Interpretation: The intercalation of pyroclastic
breccias and lava flows points to intense degassing
of the magmatic source (e.g., Cas and Wright, 1987).
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FIG. 4. Mafic and intermediate volcanic lithofacies associations. A. Outcrop in the El Tapado area, showing deposits of associations
VM1, VF1, L1, and L2. The dashed lines highlight the lateral wedging of the L1 succession. Towards the east, the Carmen fault
contacts the succession with ignimbrites from the same El Tapado Formation. B. Basaltic lavas of VM1 showing amygdules
with calcite, zeolite, and clay fillings. C. Massive ash-lapilli tuff of VI1 presenting andesitic juvenile lithics with variable shapes
and textures. D. Massive to diffusely stratified tuffaceous breccias of VI2. The layers exhibit inverse grading and are topped by
redeposited calcilutites (blue arrows). On the left side of the image (yellow arrow), the fabric of the clasts becomes subvertical
due to accommodation around a metric clast (absent). E. Andesitic lapilli-ash tuff of VI3. The matrix has a white clay patina,
feldspars are altered to brown clays, and juvenile fragments (arrows) exhibit advanced chloritization. F. PPL photomicrograph
of an ignimbrite of VI3. It shows flattened to irregular juvenile vitroclasts (Juv) replaced by chlorite, plagioclase (Plg) and
sanidine (Snd) crystals, and an intermediate lava lithic (Lav-I), in an incipiently welded, strongly smectitized matrix of glass
shards and vitreous fine ash (Sh+Vf). G. PPL photomicrograph of an ash tuff of VI3. It presents quartz (Qz) and clay-altered
plagioclase (Plg) crystals, and small, sparse fiamme in a matrix of glass shards and vitreous fine ash (Sh+Vf) with moderate
welding and selective replacement of fine ash by iron oxides. PPL: Plane-polarized light.
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The breccia lithofacies suggest variable deposition
mechanism controls, from fluid escape (mBr) to
granular flow (dbBrf), with mBrfin between (e.g.,
Branney and Kokelaar, 2002; Sulpizio and Dellino,
2008). These deposits match the model of Sulpizio
and Dellino (2008) of stepwise aggradation of
successive pulses caused by en masse freezing. The
redeposited calcilutites would have been removed
in a semi-consolidated state by the current and
transported at the top of each pulse by buoyancy
effects. The intercalated Sm layers are interpreted
as laharic events, probably hyperconcentrated flows
(e.g., Smith and Lowe, 1991). Mineral content
suggests overall dacitic compositions.

VI3: Andesitic to dacitic ignimbrites (emLT, mLT,
efrmT)

Description: Massive, mostly eutaxitic ash-lapilli
to lapilli-ash tuffs (emLT and mLT) and massive,
eutaxitic, fine-rich ash tuffs (efimT), of andesitic
to dacitic composition. These lithofacies are poorly
to very poorly sorted, and composed of fiamme,
plagioclase, quartz, and amphibole crystals, and
volcanic lithics in a glassy matrix, with incipient to
penetrative welding (Fig. 4E to G). In the Ingaguas
section, efrmT is dominant and emLT develops
inverse lithic gradation (Fig. 3). In the El Tapado
section, only emLT and mLT are present, forming
relatively thin ignimbrites intercalated in a sedimentary
succession (Fig. 3).

Interpretation: Explosive intermediate volcanic
products, whose welding and massive structure
are consistent with deposition controlled by fluid
escape from high-temperature pyroclastic density
currents (e.g., Branney and Kokelaar, 2002). The
smaller grain-size and lithic depletion of the efrmT
ignimbrites is attributed to a relatively lower particle
concentration of the forming current. Particularly,
the incipient welding of mLT, intercalated between
lithofacies associations L2 and L3 (Figs. 3 and 4F),
is consistent with hot emplacement in shallow waters
(e.g., Cas and Wright, 1991).

4.1.3. Felsic volcanism

VF1: Dacitic to rhyolitic ignimbrites (emLT, emlILT,
/8T, mT)

Description: Decimeter- to meter-scale, eutaxitic,
massive ash-lapilli to lapilli-ash tuffs (emLT), with
subordinate layers enriched in lithic fragments
(emlILT), rhyolitic to dacitic in composition. Locally,
thin (cm-thick) layers of parallel-stratified ash

tuffs (//sT) and massive ash tuffs (m7) crown the
ignimbrites. In emLT and emILT, sorting is poor
to very poor, comprising fine ash, glass shards and
juvenile clasts. Welding is mostly moderate to dense,
forming flattened glass shards and fiamme (Fig. SA
to C). Other ignimbrites show incipient welding,
with amoeboid to irregular juvenile clasts (Fig. 5D).
Lithics consist of angular polymictic volcanic
fragments, commonly with irregular or concave
shapes and argillaceous halos. They show normal
gradation in some deposits of the Las Tetas section
(Fig. 3). Crystals are very common and correspond
mainly to plagioclase, quartz and sanidine, with
subordinate amphibole and biotite (Fig. 3).
Interpretation: The poor sorting and massive
structure of these ignimbrites are consistent with a
deposition mechanism controlled by fluid escape,
which typically operates in currents with concentrated
basal parts and leads to rapid particle aggradation
(e.g., Branney and Kokelaar, 2002). The large
thickness and fine ash content of the deposits is
consistent with subcritical pyroclastic flows (sensu
Bursik and Woods, 1996), which are relatively slow,
thick, and require a high mass flux from the source.
The moderate to dense welding is attributed mainly
to load compaction during cooling (e.g., Freundt,
1999), although volatile reabsorption, favored by
the poor sorting (e.g., Sparks et al., 1999), may
have played a significant role as well. The forming
currents would have derived from large-volume,
low eruption columns (i.e., boiling over) linked to
caldera subsidence, in which an instantaneous and
continuous collapse of the ejected material occurs
(e.g., Branney et al., 1992; Freundt, 1999).

VF2: Phreatomagmatic deposits (dbLT, bLT, xsT,
mT, //sT, //sTves)

Description: Succession of ash-lapilli to ash tuffs,
dacitic in composition. Two groups of lithofacies are
distinguished, which form decimeter- to centimeter-
scale intercalations in similar proportions (G1 and G2
in figures 3 and 5E). G1 has a dominance of diffusely
bedded ash-lapilli to ash tuffs (¢bLT) (Fig. 51), in
some parts with well-defined bedding (bLT), which
show a finer grain size compared to ignimbrites from
association VF1 (fragments generally <1 cm); locally,
there are intercalations of cross-stratified ash tuffs
(xsT) (Fig. 5G). G2 includes massive ash tuffs (m7),
with minor occurrence of ash tuffs with discontinuous
(//sTves) and continuous (//sT) horizontal stratification
(Fig. 5F), the former with a conspicuous vesicular
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dbLT +bLT
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/fsTves
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FIG. 5. Felsic volcanic lithofacies associations. A. Rhyolitic, densely welded ignimbrite of VF1 in the middle part of the Las Tetas
section. B. Dacitic, densely welded ignimbrite of VF1 at the base of the Las Tetas section. C. PPL photomicrograph of a rhyolitic
ignimbrite of VF1 at the top of the Las Tetas section. It has eutaxitic texture, with a matrix of glass shards and vitreous fine
ash (Sh+V{). A fiamme altered to iron oxides, an angular tuffaceous lithic clast (Tuf), and an embayed quartz crystal (Qz) are
also indicated. D. Rhyolitic ignimbrite of VF1 underlying a fluvial package at the Las Tetas section. It has incipient welding,
with amoeboid juvenile vitroclasts. E. Detailed stratigraphic section of the upper part of the VF2 succession, showing its
close relation with VF1. Thorough descriptions of the intervals (T) can be found in table Al in Appendix A. References to
photographs within this figure are provided. Symbology as in figure 3. F. Deposits of VF2, indicating intercalation of groups
G1 and G2. G. Close-up to lithofacies xs7, showing low-angle cross-lamination (5-15°) and numerous erosive truncations.
H. Deposits of VF1 intercalated in the VF2 succession. I. Diffuse bedding of lithofacies dbLT, resulting from normal and
inverse gradations in clast size and proportion. J. Stratified ignimbrite of VF3, showing erosive (dashed line) to gradational
(arrow) contacts between lithofacies. K. Close-up to ignimbrite of VF3, highlighting an angular erosive base of xs7 and
the oriented fabric of mLTf. L. Pyroclastic deposits of VF3 intercalated in the alluvial succession of the Las Tetas section.
PPL: Plane-polarized light.
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texture and all with a typically good sorting. This
association has intercalated deposits of VF1, as shown
in figure 5H and E presents a detailed segment from
the lower part of the Las Tetas section, showing
the interplay between deposits of VF2 and VF1. A
thorough description of this section is presented in
table Al in Appendix A.

Interpretation: The deposits of G1 are consistent
with base surge deposits (e.g., Cas and Wright, 1987),
formed by cold and highly mobile currents related to
phreatomagmatic activity (e.g., Self, 1983; McPhie,
1986). These currents typically have concentrated,
granular flow-dominated basal parts, with unsteady
deposition due to turbulence (e.g., Branney and
Kokelaar, 2002). On the other hand, deposits of G2
indicate direct fallout-dominated deposition (e.g.,
Talbot et al., 1994), partly in the presence of liquid
water, which favors the entrapment of air bubbles
(e.g., Walker, 1971, 1981). Altogether, the association
is interpreted as phreatomagmatic deposits given
the intercalations of base surge and ash fall deposits
(e.g., Self, 1983; McPhie, 1986; Branney, 1991). The
intercalations of VF1 in VF2 in the Las Tetas section
are thought to reflect an episodic decrease in water
influence on the eruption mechanism (Self, 1983).
VF3: Distal pyroclastic surge deposits (sT, xsT,
mLT, mLTf, //sT)

Description: This association groups thin (<dm-
thick) stratified pyroclastic deposits intercalated in
the Las Tetas section (Fig. 3). The main package
consists of interbedded layers of stratified (s7)
and cross-stratified (xs7) ash tuffs, and massive
lapilli-ash tuffs with directional grain fabric (mLTY).
The layers show flat erosive to gradational bases
(Fig. 5J and K). sT'and xs T are dominantly crystalline,
clast-supported, and moderately to well sorted. In
turn, mLTf is dominantly vitric, matrix-supported,
and poorly sorted, with its fabric defined by abundant
vitreous juvenile pyroclasts (Fig. 5K). Other deposits
intercalated consist of a thin succession of mLT, mLTf,
and //sT (Fig. 5L), and an isolated deposit of //s7.
Interpretation: The overall dominance of traction
deposition, moderate to good sorting, and high
proportion of crystals and lithics of these deposits
are consistent with deposition from dilute pyroclastic
density currents (i.e., pyroclastic surges) (e.g., Cas
and Wright, 1987; Branney and Kokelaar, 2002). The
low thickness and grain size of the packages suggest
deposition distal from the vent. The main package
is associated with a highly turbulent current capable

of depositing and locally eroding. This turbulence
would have caused density stratification in the lower
(basal) part of the current, segregating the vitric
and crystalline material, which followed different
depositional mechanisms (traction-dominated for
crystal-rich s7-xs7 and fluid escape-dominated
for vitric-rich mLTf) (e.g., Branney and Kokelaar,
2002). As for the other deposits, the mLT+mLTf+//sT
lithofacies group denotes a progressive decrease in
particle concentration in the lower part of the forming
current (e.g., Branney and Kokelaar, 2002), whereas
//sT is indicative of ash-cloud surges (sensu Cas
and Wright, 1987), representing the final reaches
of the current.

4.2. Sedimentary lithofacies associations

4.2.1. Fluvial

F1: Gravel-rich braided river (Gh, Gp, Gem, Sh1,
Ss, Fm)

Description: Succession of conglomerates, gravelly
sandstones, sandstones, and mudrocks, forming
meter- to centimeter-scale layers. Its architecture
is strongly controlled by different types of contact
surfaces, as shown in figure 6A. Four groups of
lithofacies are distinguished. G1: horizontally bedded
conglomerates to gravelly sandstones (G#), commonly
with imbrications, and locally with thin (cm-thick)
intercalations of laminated sandstones (S%/) (Fig. 6B);
G2: conglomerates to gravelly sandstones with
planar cross-bedding (Gp) (Fig. 6B to D), commonly
showing lateral truncations (Fig. 6A); G3: massive,
clast-supported conglomerates (Gem) intergraded
with massive to diffusely laminated, poorly sorted
sandstones (Ss) (Fig. 6C and D); and G4: massive
mudrocks to sandy mudrocks (Fm) (Fig. 6C).
Interpretation: The horizontally bedded rocks of
Gl are associated with deposition as bedload in
episodes of high water and sediment discharge,
with vertical and frontal accretion, whereas the
cross-bedded G2 likely formed by lateral accretion
on gravel bar margins (e.g., Smith, 1990; Miall,
2006). The massive conglomerates and sandstones
of G3 are interpreted as bedload sedimented rapidly
as scour-pool fills (e.g., Ashmore, 1982; Thompson,
1986; Miall, 2006). Finally, the mudrocks and sandy
mudrocks of G4 could have decanted from shallow
waters with gentle currents (e.g., Smith, 1990), or in
ponded waters in abandoned channels (e.g., Miall,
2006). This association is therefore interpreted as
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—— Bedding

—— Non-erosive contact
—— Lateral truncation
—— Minor erosive surface
—— Major erosive surface

FIG. 6. Fluvial and alluvial lithofacies associations. A. Architectural scheme of an outcrop of association F1. Lithofacies and types
of contact surfaces are indicated in the right image. The boxes refer to other photographs within the figure. B. Horizontally
bedded and planar cross-bedded conglomerates and gravelly sandstones of groups G1 and G2, respectively, separated by an
erosive surface (red line). C. Thin deposits of clast-supported gravels and poorly sorted sands (G3), intercalated with thin layers
of massive mudrock (G4). D. Deposit of poorly sorted sands and clast-supported gravels (G3) limited by erosive surfaces.
E. Sets of intercalations of laminated sandstones (S%/) and muddy sandstones (S42) of association A 1. The dominant lithofacies
in each set is indicated. F. Sets of laminated sandstones of Al separated by an angular flat erosive surface. G. Close-ups of
Shl and Sh2. The left image shows the color difference between Sh/ (greenish) and Sh2 (reddish), which is due to dominant
alteration to epidote and iron oxides, respectively. The right image shows normal gradation in Sh/. H. Massive gravelly
sandstones (Gmm) of A1, intercalated with laminated sandstones (S//).
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fluvial deposits sedimented in a braided river, with
successive cycles of erosion and sedimentation
related to flooding pulses followed by waning
flow stages (e.g., Smith, 1990; Miall, 2006). These
features are consistent with the middle to distal parts
of a gravel-dominated braided river (e.g., Hein and
Walker, 1977).

4.2.2. Alluvial

Al: Distal alluvial fan (Shl, Sh2, Gmm)
Description: Redbed succession comprising sets of
interbedded, horizontally laminated sandstones and
muddy sandstones (S%/ and Sh2), with intercalated
layers of massive gravelly sandstones (Gmm) (Fig. 3).
Sh1 and Sh2 form decimeter- to meter-scale sets in
which one lithofacies is dominant over the other
(Fig. 6E). The sets are separated by flat to erosive,
usually angular surfaces (Fig. 6F). The layers are
centimeter- to decimeter-thick, markedly tabular,
and Sh/ commonly develops normal gradation
(Fig. 6G). In turn, Gmm forms decimeter-thick,
tabular to lenticular layers, and contains clasts of up
to 20 cm long, oriented parallel to the stratification
plane (Fig. 6H).

Interpretation: Sedimentation from unconfined
flows or sheetfloods in the distal portion of an alluvial
fan, or in an alluvial plain, linked to catastrophic
sediment-laden flooding (e.g., Blair and McPherson,
1994; Collinson, 1996; Nichols, 2009). Sh/ and
Sh2 deposits are consistent with supercritical flows
with reduced competence due to a lower slope in
the marginal zone of an alluvial fan (e.g., Blair and
McPherson, 1994), whereas Gmm could have been
deposited by hyper-concentrated sheetfloods (e.g.,
Collinson, 1996).

4.2.3. Lacustrine

L1: Carbonate lacustrine (LI, Fl)

Description: Decimeter-scale deposits of calcilutites
and subordinate calcarenites with fine horizontal
lamination (L/) (Fig. 7A and B). In the El Tapado
section, centimeter-scale layers of laminated mudrocks
to fine-grained sandy mudrocks (F7) are intercalated
(Fig. 7A). Under the microscope, it is observed that
Llis dominantly composed of micrite-rich laminae,
along with skeletal fragments, pellets, sand-sized
lithics and crystals, and volcanic glass shards, with
variable proportions between laminae (Fig. 7C
and D). Within the skeletal fragments, remains of
very small (<500 pm) and thin concave shells are
recognizable (Fig. 7E and F).

Interpretation: Deposition in a carbonate lacustrine
environment, with decantation of suspended
biogenic calcareous debris from a relatively shallow
body of water under low-energy conditions (e.g.,
Talbot and Allen, 1996). Low-energy siliciclastic
inputs were infrequent enough to allow carbonate
sedimentation to prevail (e.g., Nichols, 2009) and
enabled the preservation of glass shards, indicative
of contemporary volcanic activity. The size, shape
and thickness of the skeletal fragments suggest
they correspond to freshwater organisms, probably
branchiopods or ostracods, which are common in
shallow continental lacustrine basins (e.g., Gallego
and Breitkreuz, 1994).

L2: Deep lacustrine volcaniclastic (Sm, Fm, FI, Rp)
Description: Rhythmic centimeter- to decimeter-
scale intercalations between massive to diffusely
laminated sandstones (Sm) and laminated to massive
mudrocks (F7and Fm) rich in volcanic clasts (Fig. 8A).
Sm has flat, conformable to erosive bases, and
commonly displays normal gradation (Fig. 8B).
Small synsedimentary folds develop in some
rhythmic layers (Fig. 8C). Locally, intercalations
of laminated redeposited pyroclastic deposits (Rp)
are present (Fig. 8D).

Interpretation: Sedimentation by turbidity currents
in a deep lacustrine environment, with deposition of
sands as bedload and fines from the trailing cloud (e.g.,
Cas and Wright, 1987; Nichols, 2009). Synsedimentary
folds are attributable to slumping effects, which are
common in turbiditic environments (e.g., Elliott
and Williams, 1988). The texture and composition
of fragments (see Appendix A) suggest a relatively
short transport prior to lake entry. The redeposited
pyroclastic deposits imply contemporaneous volcanic
activity nearby.

L3: Shallow lacustrine volcaniclastic (Swr, Fl, Rp)
Description: Millimeter- to centimeter-scale
intercalations of laminated mudrocks (F7) and fine-
grained sandstones with wave ripples to sinuous
lamination (Swr) (Fig. 8E), which develop wavy
bedding and flaser bedding (Fig. 8F and G). The
mudrocks show mottled colors in shades of green,
red, and yellow. Locally, redeposited pyroclastic
deposits (Rp) with faint lamination are intercalated
(Fig. 8G).

Interpretation: Alternating tractional transport by
oscillatory flows and mud settling from suspension,
which can be associated with a shallow lacustrine
environment (e.g., Rajchl et al., 2008; Nichols, 2009;
Melchor et al., 2012). Mottling of mud is attributable
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FIG. 7. Carbonate lacustrine lithofacies association (L1). A. Laminated calcilutites and calcarenites (L/) with an intercalated fine-
grained sandstone level (£7), in the El Tapado section. B. Close-up of the laminated calcilutites in the Ingaguas section.
C. PPL photomicrograph of a sample from the El Tapado section. It shows laminae rich in micrite (Mic), quartz (Qz) and glass
shards (Sh), next to a framework of pellets (Pel) and sparite (Spa). D. PPL photomicrograph of a sample from the Ingaguas
section (also figure E and F). It displays a lamina enriched in skeletal fragments (Sk) beside a micrite-dominated (Mic) lamina.
E. Abundant micrite and scattered skeletal fragments, cut by a carbonate vein (Cb). The labeled skeletal is a thin valve that
preserves a relic of its articulation area with the missing valve. F. Thin shell replaced by iron oxides and filled with sparite
(Spa). The upper valve is surrounded by another sparite filling, crystallized perpendicular to it. The sample is cut by calcite

veins (Cal). PPL: Plane-polarized light.

to pedogenic processes, common in this type of
environment (e.g., Tucker, 2003). The redeposited
pyroclastic deposits denote contemporaneous volcanic
activity nearby.

4.2.4. Saline lacustrine to subaerial

LS1: Saline lacustrine volcaniclastic with occasional
sheet floods (Swr, Fl, Fm, Ec, Sm)

Description: Succession dominated by sets of thinly
(<dm-thick) bedded laminated to massive mudrocks
to sandy mudrocks (F7 and Fm), wave-rippled to
sinuously laminated sandstones (Swr), and evaporitic
calcite (Ec), in which meter-scale packages of
massive sandstones are interbedded (Sm) (Fig. 9A).
The detritic-evaporitic sets commonly develop wavy
bedding and lenticular bedding, and the mudrocks are
laminated (Fig. 9B). In other sectors, these sets show
cut-and-fill structures and the mudrocks are massive
(Fig. 9B). Sm forms centimeter- to decimeter-scale,
markedly tabular layers of moderately sorted, very
coarse- to fine-grained sand, commonly with normal
gradation (Fig. 9C).

Interpretation: F/, Swr, and Ec are associated
with shallow lacustrine sedimentation in a saline
lake environment. The evaporites indicate an arid
or semi-arid climate and a hydrologically closed
basin (e.g., Eugster and Hardie, 1978). Evaporite
production would have been controlled by the
frequency of clastic inputs into the lake (e.g., Hardie
et al., 1978; Nichols, 2009). The Sm packages are
attributed to tractional deposition by waning pulses,
from unconfined high-energy flows such as flash
floods of fluvial or alluvial origin, occurring during
subaerial exposure stages (e.g., Benvenuti, 2003).
LS2: Sheet floods and ephemeral lakes (Sm, Fl,
Ec, Eg)

Description: Packages of decimeter-scale massive
sandstones (Sm), intercalated in the upper part of
the succession with decimeter-thick packages of
laminated mudrocks to sandy mudrocks (F7) with
evaporitic calcite (Ec) lenses, culminating with a
meter-scale package of gypsum (Eg). Sm deposits
have tabular geometry, moderate to poor sorting,
and normal gradation pulses that define a diffuse
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FIG. 8. Volcaniclastic lacustrine lithofacies associations. A. Outcrop of association L2, showing well-stratified decimeter-scale layers.
The close-up shows the intercalation of thin levels of massive sandstones and massive mudrocks. B. Layer of sandstone with
normal grading from fine gravel to fine sand, covered by a laminated mudrock layer. C. Centimeter-scale synsedimentary
folds in L2. D. Redeposited pyroclastic deposit in L2. The close-up shows the preservation of juvenile vitroclasts and coarse
glass shards (chloritized), as well as euhedral plagioclase crystals. E. Millimeter-scale intercalations between fine-grained
sandstones with wave ripples and laminated mudrocks of association L3. The latter exhibits mottled reddish to yellowish colors.
F. Wavy bedding between sandy and muddy layers of L3. G. Deposit of interlaminated sand and mud covered by a redeposited
pyroclastic deposit. The close-up shows the formation of flaser bedding in the mudrock.

lamination (Fig. 9D and G). In the 7 and Ec deposits,
Fl forms millimeter- to centimeter-thick layers and Ec
intercalates as lenses, also millimeter- to centimeter-
thick (Fig. 9H). Figure 9E and F show an outcrop
and a detail section of these deposits, respectively,
in the uppermost 30 m of the El Tapado section.

Interpretation: As in LS1, Sm packages would have
been formed by unconfined, high-energy flash floods
(e.g., Benvenuti, 2003). FI and Ec deposits would be
the product of sedimentation in ephemeral lakes, with
repeated cycles of flooding and evaporation (e.g.,
Hardie et al., 1978; Lowenstein and Hardie, 1985).
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FIG. 9. Lacustrine to subaerial lithofacies associations. A. Outcrop of association LS1 showing massive sandstone deposits (Sn1)
overlain by a set of interbedded sandstones, mudrocks and evaporites. B. Comparison between F/, Swr, and Ec deposits.
Left: lenticular bedding between laminated mudrocks (F#7) and wave-rippled sandstones (Swr). Right: Cut-and-fill structures,
massive mudrocks (Fm). C. Close-up of Sm showing normal grading from very coarse- to fine-grained sand. D. Outcrop of Sm
deposits of association LS2 in the upper part of the El Tapado section. The close-up shows millimeter-scale levels of very coarse
sand to fine gravel deposits (arrows) normally graded towards a domain of medium-sized sand, defining a diffuse horizontal
lamination. E. Outcrop of the uppermost 30 m of the El Tapado section, consisting of sandstones, mudrocks, and evaporites of
association LS2. Arrows indicate the base of a package of /7 and Ec layers with lateral wedging. F. Stratigraphic scheme of
the succession of figure 9E, showing a fining-upward trend. The corresponding lithofacies are indicated, along with references
to further images within this figure. G. Sm deposits, showing the same structures as in figure 9D. H. Interbedded mudrock to
sandy mudrock layers (F7) and evaporitic calcite lenses (£c).

Flash flood and ephemeral lake deposits are a that crowns the section denotes advanced chemical
characteristic association of arid depositional sedimentation, leading to the precipitation of more
environments (e.g., Nichols, 2009). The Eg package soluble minerals.
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5. Paleoenvironments and stratigraphic relations
5.1. El Tapado Formation

5.1.1. Paleoenvironment

Within the study area, the thickness of the
El Tapado Formation reaches its maximum at around
1,500 m in the hanging wall of the Olivares fault in
the Las Tetas area (see Las Tetas section in figure 3),
and then decreases significantly in the footwall of this
structure, where it can reach up to 500 m in thickness
and the underlying Laguna Chica Formation is more
broadly exposed (Fig. 10A). Based on Velasquez et
al. (2021), in the northern part of the study area, in
the hanging wall between the Carmen and Mercedes
faults (Fig. 10B), the thickness of the volcanic rocks
varies between 500 and 800 m, which is considerably
greater than the thickness observed in the footwall of

Rhyolitic pyrocastic rocks
(El Tapado Fm.)

Dacitic pyroclastic rocks
(Laguna Chica Fm.)

pyroclastic rocks
(El Tapado Fm.)_

Mercedes
fault

Rhyolitic pyroclastic rocks
(El Tapado Fm.)
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the Carmen fault, where the lower volcanic section
is <300 m. The thickness of the sedimentary, mostly
lacustrine successions is very similar in both structural
blocks (see correlation between the El Tapado and
Rio Seco sections in Section 5.3). The Mercedes
fault separates the lacustrine (hanging wall) and
pyroclastic (footwall) successions of the El Tapado
Formation, the former showing a roll-over geometry,
which can be interpreted as a result of synextensional
deposition (Fig. 10C). In addition, this fault is partially
covered by pyroclastic rocks also assigned to the
El Tapado Formation, which constrains the normal
faulting within the depositional time span of this
unit. It is also relevant to notice that in the western
domain of the study area, near the Ingaguas section
(Fig. 2), the El Tapado Formation is absent and the
Laguna Chica Formation is unconformably overlain
by the Guanaco Sonso Formation. Considering the

Dacitic pyroclastic rocks
(Laguna Chica Fm.)

Las Tetas area i

Olivareg faul¢

yroclastic rocks
(El Tapado Fm.) _--

Lacustrine deposits
5 (El Tapado Fm.)

“ Rnyolitic pyroclastic rocks
(El Tapado Fm.)

FIG. 10. Structural observations associated to an extensional setting during the Permian. A. Olivares fault (inverted normal) separating
rocks of the Laguna Chica and El Tapado formations in the eastern part of the study area. The beds in the hanging wall have a
steeper dip approaching the fault. B. Carmen fault (inverted normal) separating the Laguna Chica and El Tapado formations in
the northern part of the study area. The rocks of the El Tapado Formation are also in the hanging wall of the Mercedes fault.
This fault is shown in detail in the next figure. C. Mercedes fault (normal) with a roll-over geometry, separating rocks within
the El Tapado Formation in the northern limit of the study area. Overlying pyroclastic rocks of the El Tapado Formation are
unaltered by the fault, constraining their activity to the Permian.
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above, it is inferred that the Olivares, Carmen, and
Mercedes faults had extensional activity during the
Permian, generating space through tectonic subsidence
to accommodate the volcanic and sedimentary
deposits of the El Tapado Formation (see figure 11
for a paleoenvironmental evolution scheme). This
interpretation is consistent with the Permian west-
dipping normal faults described in Argentina to the
cast of the study area (see Section 2), which are also
represented in figure 11.

As detailed in Section 4, the thick rhyolitic to dacitic
welded ignimbrites of association VF1 are inferred to
have been formed by pyroclastic density currents of
high mass flow and temperature, derived from low
eruption columns linked to caldera subsidence (e.g.,
Branney et al., 1992; Freundt, 1999; Branney and
Kokelaar, 2002) (Fig. 11). The local phreatomagmatic
activity recorded in the Las Tetas area (association
VF2) is consistent with caldera-forming eruptions as
well, as these commonly harbor crater lakes that can
come into contact with rising magma and generate
this type of activity (e.g., Self and Sparks, 1978;
McPhie, 1986). In the El Tapado area, the andesitic-
dacitic ignimbrites of association VI3 indicate
eruptive episodes of lower volume and explosivity
that those of association VF1 (Fig. 11B). Thus, the
volcanic products of the El Tapado Formation are
consistent with a depositional environment dominated
by intermediate to felsic volcanic centers, typical of
extensional settings (e.g., Cas and Wright, 1987).

In the Las Tetas area, ignimbrites of VF1 accumulate
in thick packages that extend over several kilometers,
which points to aggradation over a relatively flat
and extensive paleosurface (Fig. 11A and B). These
ignimbrites are abundant around rhyolitic centers
and can extend for tens of kilometers (e.g., Cas and
Wright, 1987), especially if the forming currents
were of subcritical type (e.g., Bursik and Woods,
1996). This configuration was also observed in the
Upper Choiyoi Group along the Frontal Cordillera,

in Argentina, where the superposition of thick and
continuous pyroclastic beds derived from different
eruptive centers formed extensive ignimbritic plateaus
(Llambias et al., 1993). The absence of dacitic to
rhyolitic proximal deposits (e.g., breccias, lava domes)
in the Las Tetas and El Tapado areas, together with
a decrease in the ignimbrite thickness towards the
El Tapado area, suggests a medium to distal volcanic
environment for these zones relative to the emission
centers. A potential indicative of emission center
locations can be their coeval plutonic and subvolcanic
equivalents. The Colorado river valley hosts acid
plutons and hypabyssal rocks of Middle Permian-
Early Triassic age (Fig. 2), which are interpreted here
to represent the roots of a Permian volcanic system
(Fig. 11). These intrusive rocks were emplaced along
the trace of the Olivares fault, suggesting that their
ascent was facilitated by this structure. In addition,
to the east of the study area, a ~20 km-wide band of
rhyolitic lavas and ignimbrites of the Choiyoi Group
crops out (Malizia et al., 1999), of which the Pata
del Indio hill, located southeast of the Agua Negra
pass (see figure 1 for locations), is considered an
emission center made up of caldera-fill deposits (Sato
and Llambias, 1993). This aspect is also represented
in figure 11.

The basaltic-andesitic lavas in the El Tapado
area (association VM1) are interpreted as marginal
products of the rhyolitic volcanism responsible for the
ignimbrites (Fig. 11A), since mafic magmas, when
they reach the surface, commonly do so outside the
rhyolitic center, which acts as a shadow zone (e.g.,
Cas and Wright, 1987). This mafic activity probably
took place along extensional structures acting as
eruptive fissures (e.g., Mazzarini et al., 2008). In
Argentina, subordinate mafic lavas form part of the
Choiyoi volcanic products (Bastias-Mercado ef al.,
2020), being also common as associated products in
other silicic large igneous provinces (e.g., Pankhurst
etal., 1998; Bryan et al., 2000; Huang et al., 2016).

FIG. 11. Paleoenvironmental scheme of the El Tapado Formation during the Late Guadalupian-Lopingian. The scheme is contextualized
within a rhyolitic volcanic center, with an inner accommodation zone (Las Tetas area) and a more marginal one (El Tapado
area) relative to the Late Permian volcanic arc axis. The Rio Seco area is also included, following the correlation with the
El Tapado section (see Section 5.3). Three evolutionary stages are proposed, constrained based on U-Pb zircon ages reported in
the study area by Velasquez et al. (2021). The main processes and deposits are labeled in each stage, with the latter represented
using the same colors as in the “Lithofacies Associations Summary” from figure 3. Referential eruptive sources are included
based on the evidence presented in Section 5.1. A. ~263-260 Ma. Accumulation of volcanic deposits in the Las Tetas and
El Tapado areas, and lacustrine sedimentation under relatively humid conditions in the latter. B. ~260-257 Ma. Accumulation
of volcanic deposits in the Las Tetas area, and predominance of lacustrine sedimentation under semi-arid to arid conditions
in the El Tapado area. C. ~257-256 Ma. Fluvio-alluvial sedimentation in the Las Tetas area. No sedimentation is recorded in

the El Tapado area.



Castillo et al. / Andean Geology 52 (1): 1-46, 2025 23

Late Guadalupian

(carbonate + deep to shallow volcanoclastic)

~263-260 Ma [Lacustrine sedimentation in hydrologically open basin}
~300 N

ced pyroclastic

Plutonic and hypabyssal bodies
(Middle Permian-Early Triassic Granites)

deposits
(water in volcanic source?)

Latest Guadalupian-Earliest Lopingian
~260-257 Ma

{Lacustrine sedimentation in hydrologically closed basin}

~3(0 S (saline lakes, flash floods and ephemeral lakes)

Intermittent / ; olitic to dacitic,

Y ume ignimbrites
gnimi

El
to dacitic 4 \ r /

Plutonic and hypabyssal bodies
(Middle Permian-Early Triassic Granites)

Early Lopingian
~257-256 Ma

Erosion from uplifted blocks
Subordinate pyroclastic deposits > . and volcanic edifices
Decrease in volcanic activity

{ Plutonic and hypabyssal bodies
d

Middle Permian-Early Triassic Granites)

sedimentation




24 LITHOFACIES ARCHITECTURE WITHIN AN INTRA-ARC ENVIRONMENT...

In the Las Tetas area, the successive accumulation
of thick ignimbrites without sedimentary intercalations
suggests that the pyroclastic aggradation rate was
much higher than the sedimentation rate, which is
consistent with an inner, lower depocenter within an
intra-arc environment (Fig. 11). The only exception
is the sediment-dominated stage denoted by the
fluvial-alluvial succession (associations F1 and
Al) intercalated in the upper part of the Las Tetas
section. The characteristics of this package are typical
of post-eruptive successions, with sediments from
reworked volcanic deposits (e.g., Cas and Wright,
1987). Sedimentation likely occurred through alluvial
fan systems from uplifted blocks, given the prevalent
extensional setting (Fig. 11C). The dominance of
sedimentation in this stage is attributed to a transient
decrease in volcanic activity, as suggested by the
occasional pyroclastic intercalations of association
VF3 within the sedimentary succession. In the case
of the El Tapado area, the prevalence of lacustrine
to subaerial sedimentation is thought to be related
to its position in the footwall of the Carmen fault,
which would have been a higher and more marginal
(i.e., more protected) depocenter with respect to the
inferred active emission centers (Fig. 11). In this
sense, volcanism would have been active throughout
sedimentation in the El Tapado area, as suggested
by the occurrence of redeposited pyroclastics in
associations L2 and L3, and fallout glass shards in
carbonate deposits of L1. In conclusion, the infill of
the Las Tetas and El Tapado depocenters was mainly
controlled by the rate of volcaniclastic input, together
with subsidence dynamics. This relation has also been
observed in similar volcaniclastic basins elsewhere
(e.g., D’Elia et al., 2016; Espinoza et al., 2019).

5.1.2. Paleoclimate

The sedimentary record of the El Tapado
Formation provides very important insights into the
paleoclimatic evolution of the Permian in southwestern
Gondwana. The El Tapado area hosts carbonate and
deep-to-shallow lacustrine deposits (associations L1
to L3), followed by saline lacustrine and flash flood
deposits topped by thick evaporite layers (associations
LS1 and LS2). This points to a paleoenvironmental
evolution from a hydrologically open basin to a
hydrologically closed basin, which can be linked to
the transition from relatively humid to semi-arid or
even arid conditions (e.g., Talbot and Allen, 1996)
(Figs. 3, 11A-B). In the Las Tetas area, the fluvial

conglomerates and sandstones of association F1 are
followed by ~300 m of alluvial sandstone redbeds
of association Al. The switch from a braided river
system to an alluvial setting dominated by flash flood
events is indicative of increasing aridity (e.g., Owen
etal., 1997). Considering this evidence, the El Tapado
Formation was likely deposited under an increasingly
drier climate, establishing semi-arid conditions from
around 260 Ma (Figs. 3 and 11). It must be considered,
however, that this is a particular basin, so it cannot
be ruled out that the observed water shortage may
have been controlled by tectonic activity instead of
regional climate changes, affecting the filling and
interconnection of highly accommodative basins (e.g.,
Carroll and Bohacs, 1999). Basin filling also offers
an alternative explanation for the shallowing of the
environment, up to the establishment of subaerial
conditions, although it does not fully explain the
observed chemical sedimentation.

Despite these alternatives, an important argument
in favor of the climate-driven paleogeographic
evolution of the study area corresponds to the
observation of similar evidence on a continental
scale. In this sense, Limarino et al. (2014) proposed,
based on multiple stratigraphic evidence, a four-stage
paleoclimatic evolution for the Late Paleozoic of
southwestern Gondwana, from a glacial (icehouse)
stage in the Late Mississippian to the establishment
of semi-arid to arid (greenhouse) conditions in the
Late Guadalupian-Lopingian. Within this last stage,
observations in the Paganzo retroarc basin in Argentina
and the Parana intraplate basin in Brazil show very
similar stratigraphic and paleoenvironmental patterns
when compared to the coeval El Tapado intra-arc
basin in Chile, as summarized in table 2. Thus, the
findings presented in this paper are consistent with
the Guadalupian-Lopingian semi-arid to arid stage
proposed by Limarino et al. (2014) and constitute the
first paleoclimatic evidence in Chilean territory for this
period. These findings in southern South America are
framed in a series of global environmental changes
that occurred during the late Permian, which led to
the establishment of extreme greenhouse conditions
towards the end of the period. It is widely considered
that the activity of large igneous provinces (LIPs)
such as the Emeishan LIP (~260-257 Ma) and the
Siberian Traps (~252-250 Ma) would have played
a major role in these changes, causing transient
but dramatic increases in CO, that drove global
warming levels and ocean acidity and anoxia to
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TABLE 2. STRATIGRAPHIC AND PALEOENVIRONMENTAL EVOLUTION IN DIFFERENT SECTORS OF SW
GONDWANA DURING THE LATE GUADALUPIAN-LOPINGIAN.

West

Stratigraphy and paleoenvironment

East

Intra-arc basins: El Tapado
(this work)

El Tapado Formation: In the El
Tapado section, carbonate and deep-
to-shallow volcaniclastic lacustrine
deposits, followed by saline lacustrine
and floodplain deposits, indicating an
evolution from relatively humid to semi-

Retroarc basins: Paganzo,
Ischigualasto-Villa Union
(Gulbranson et al., 2015; Spalletti and
Limarino, 2017).

Talampaya Formation: Clastic
sequence comprising alluvial to fluvial
deposits, followed by ephemeral fluvial,
aeolian, and playa-lake deposits. A
transition towards semi-arid to arid
conditions is interpreted.

Intraplate basins: Parana
(Milani et al., 2007 5 Holz et al., 2010;
Kern et al., 2021).

Piramboéia and Sanga do Cabral
formations: Aeolian and fluvial redbeds
associated with a desert climate.

Rio do Rasto Formation: Lacustrine
and deltaic plain deposits, transitioning
to aeolian deposits developed under an

arid or arid conditions.

In the Las Tetas section, the transition
from fluvial deposits to alluvial redbeds
also points to increasing aridity.

arid climate.

Semi-arid to arid Climatic Stage according to the definition of Limarino et al. (2014).

peak, inducing the Guadalupian faunal crisis and the
Permian-Triassic mass extinction (e.g., Joachimski
et al., 2012; Limarino et al., 2014; Shellnut, 2014;
Castillo et al., 2016). In this matter, it has been
proposed that the sustained activity of the Choiyoi
Magmatic Province could have also contributed
to the generation of greenhouse conditions on a
global scale through the input of large amounts of
CO, (Limarino et al., 2014; del Rey et al., 2019),
probably enhanced by the heating of organic-rich
rocks (Spalletti and Limarino, 2017).

5.2. Guanaco Sonso Formation

In the Ingaguas section, the Guanaco Sonso
Formation comprises lava flows, pyroclastic breccias,
and lithic- and fine-rich tuffs, in an intermediate
to acid compositional range, and is considered to
represent the evolution of a volcanic terrain in a
near-vent environment. The section displays vertical
contrasts that suggest more than one emission
source (e.g., associations VI3 and VM1; Fig. 3),
setting a varied and fluctuating character in terms
of the eruptive style and composition of the juvenile
material, possibly as part of an intermediate to silicic
multifocal complex (sensu Cas and Wright, 1987).
In this latter case, diverse volcano types are possible,
such as calderas and stratovolcanoes, located in large
volcano-tectonic depressions commonly linked to

regional extensional faults (e.g., Wolfe and Self,
1983; Aramaki, 1984; Busby and Bassett, 2007).
An example of such is the succession of associations
VI2 and L1 in the lower part of the Ingaguas section,
deemed representative of caldera volcanism since it
groups pyroclastic breccias formed by high-energy
pyroclastic density currents, lacustrine sedimentation
in ponding zones, lahar deposits, and dacitic lavas
possibly associated with a post-caldera stage (e.g.,
Lipman, 2000). Caldera-type activity has also been
interpreted for the Guanaco Sonso Formation at~29° S,
where the unit is dominated by massive, eutaxitic
tuffs with occurrence of lacustrine deposits (Lopez
et al., 2015; Salazar and Coloma, 2016).

There are differences both in exposure and
lithofacies associations between the volcanic products
of the El Tapado and Guanaco Sonso formations.
This is relevant as these records are respectively
representative of the Middle to Late Permian and
the Early to Middle Triassic volcanism in the region.
The El Tapado Formation likely represents the inner
to marginal zone of the Permian arc (Figs. 3 and 11),
extending significantly to the east into Argentine
territory with the Choiyoi Group. In turn, the Guanaco
Sonso Formation shows a more internal (i.e., near-
vent) position within the Triassic arc. Given that the
Guanaco Sonso rocks are abundant several tens of
km west when compared to the El Tapado records, it
is likely that during the Early Triassic the magmatic
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arc migrated towards the edge of the continent at this
latitude. This spatial relation also holds true when
the intrusive Permian and Triassic rock records at
around 30-30.5° S are analyzed (Velasquez et al.,
2021), possibly extending several hundred of kms
north (e.g., Maksaev et al., 2014; Rocher et al., 2015).

5.3. Regional stratigraphic relations

Hereunder, stratigraphic relations are presented
between the sections analyzed in this work and those
from other studies (Fig. 12). First, a local correlation
is established between the El Tapado and Rio Seco
sections, as these two are within the study area. Then,
regional relations are presented for the El Tapado
and Guanaco Sonso formations.

Within the study area, at the headwaters of the
Seco River (Fig. 2) outcrops a lacustrine succession
described by Murillo et al. (2017), who preliminarily
assigned it to the Jurassic Estratos de quebrada
El Tapado Unit of Mpodozis and Cornejo (1988) based
on one detrital zircon U-Pb age. Recently, Velasquez
et al. (2021) recalculated this age, establishing it in
257.6£5.6 Ma (n=5), which is consistent with a U-Pb
zircon age of 260+1.7 Ma obtained from an ignimbrite
interbedded in the lacustrine succession of the El Tapado
area (Figs. 3 and 12B). The stratigraphic evolution
of the Rio Seco and El Tapado areas is shown in
figure 12B, where after an initial stage of low-energy
carbonate sedimentation it follows a siliciclastic
filling partially reworked by turbidity currents and
flash floods, and a final stage dominated by fine
sediments and evaporites. The paleoenvironment was
likely a rather marginal intra-arc zone, particularly
during the latest Guadalupian (Fig. 11).

At aregional scale, as presented in Section 5.1,
the tectonic and depositional environment inferred
for the El Tapado Formation presents important
similarities with the Upper Section of the Choiyoi
Group (Velasquez et al., 2021). The Upper Choiyoi is
largely exposed in the Frontal Cordillera of Argentina
and is characterized by voluminous ignimbrite
volcanism, mostly rhyolitic in composition (Sato
and Llambias, 1993; Llambias, 1999). At around
29.5 °S, Charchaflié (2003) reported U-Pb zircon
ages 0f 263.7+0.7 Ma and 262.6+0.7 Ma in dacitic
to rhyolitic tuffs assigned to the Choiyoi Group,
which fall within the age range of the El Tapado
Formation. Therefore, we support that this formation
is representative of the Upper Section of the Choiyoi

Group in Chilean territory, as previously suggested
by Velasquez et al. (2021). A proper correlation
between these units is, however, still not possible
due to the different lithostratigraphic criteria used,
so a better understanding of the western reaches of
the Choiyoi Magmatic Province following similar
field methodologies will be an interesting next step.

A regional comparison can be established between
the Las Tetas section and a section described by
Rocher and Vallecillo (2014) in the Las Caletas area,
Frontal Cordillera of San Juan, Argentina (~31.9° S),
which is presented in figure 12A. The Las Caletas
section comprises the Horcajo Formation, the
youngest unit of the Choiyoi Group in that area and
representative of its Upper Section. A U-Pb zircon age of
265+2 Ma was obtained in the upper part of this
~1,400 m-thick section by Rocher et al. (2015). This
unit was likely deposited in an extensional setting, with
tectonic (and volcano-tectonic) subsidence controlled
by normal faults (Rocher and Abarztia, 2013; Rocher
and Vallecillo, 2014). Figure 12A shows that both
areas are characterized by rhyolitic to dacitic volcanic
deposits indicative of profuse caldera activity (e.g.,
welded ignimbrites, pyroclastic breccias, rhyolitic
lava flows), along with sedimentation-dominated
episodes associated with the reworking of these
deposits. The stratigraphy of these two areas provides
a consistent approach to the intra-arc environment
during the Middle to Late Permian.

Looking into Chilean territory, it is worth noticing
that the span of extensional activity interpreted in the
study area (at least between ~263-257 Ma; Fig. 11)
is almost coeval with the onset of the San Félix forearc
rift basin at ~29° S, estimated at around 255 Ma, and
which extended into the Middle Triassic (Salazar
etal.,2020; see Section 2). Although further research
is needed to understand the connection between
these events, we think they represent an almost
continuous timespan of extensional activity at a
regional scale, consistent with the tectonic context
of the pre-Andean Stage.

As for the Guanaco Sonso Formation, the
main reference section was described at ~29° S by
Salazar and Coloma (2016), who presented a U-Pb
zircon age of 249.1+1.3 Ma. Figure 12C presents a
comparison between this section and the Ingaguas
section based on lithofacies associations. Both profiles
are characterized by intercalations of dacitic welded
ignimbrites and basaltic-andesitic lava packages,
displaying an episodic character in terms of eruptive
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Las Tetas section (30.2° S)
(mod. from Castillo, 2021)

Las Caletas section (31.9° S)
(mod. from Rocher and Vallecillo, 2014)

El Tapado section (30.1° S) Rio Seco section (30° S)
(mod. from Castillo, 2021) (mod. from Murillo ez al., 2017)

Ingaguas section (30.2° S)
(mod. from Velasquez et al., 2021)

Pirca de los Godos section (28.9° S)
(mod. from Salazar and Coloma, 2016)
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FIG. 12. Local and regional stratigraphic comparisons. In each item (A, B, C), a stratigraphic section from this study is compared with another one previously described in the literature. A stratigraphic section guide is offered in the inserted table to
facilitate comparisons. A. Regional comparison between the El Tapado Formation in the Las Tetas area and the Horcajo Formation (Upper Section of the Choiyoi Group) in San Juan, Argentina, described by Rocher and Vallecillo (2014).
B. Local correlation between the El Tapado section and a succession of the Estratos de quebrada El Tapado Unit described by Murillo et al. (2017) in the Rio Seco area (northern limit of our study area). C. Regional comparison between the
Ingaguas section and the main reference section of the Guanaco Sonso Formation, described by Salazar and Coloma (2016) in the Pirca de los Godos area.
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style and composition. In addition, Lopez et al.
(2015) and Salazar and Coloma (2016) interpreted
caldera activity and local lacustrine sedimentation at
~29° S, which is also present in the study area. This
comparison shows the consistency of the formation
environment of the Guanaco Sonso Formation along
its distribution in the Chilean Frontal Cordillera.

5.4. Permian-Triassic volcanism along SW
Gondwana

The thick ignimbrites of the El Tapado Formation
are related to high-explosivity, caldera-type volcanism
typical of silicic volcanic complexes. From base
to top, these deposits show progressively more
silicic compositions, with an increasing presence
of K-feldspar and hydrous minerals like amphibole
and biotite (Fig. 3). This indicates a volatile-
enriching trend in the forming magmas that suggests
advanced differentiation processes in the magmatic
source. For the Upper Choiyoi ignimbrite record,
advanced differentiation controlled by fractional
crystallization has been inferred, associated with
magmas emplaced in a relatively thin crust in the
context of an extensional magmatic arc (Rocher
etal., 2015). In turn, the Guanaco Sonso Formation
also presents evidence of caldera-type volcanism, but
with a less silicic composition. Dacitic ignimbrites
are its most representative products, which up section
give way to andesitic ignimbrites and then to dacitic
ignimbrites again. The ignimbrites also intercalate
with dacitic to basaltic-andesitic lavas. All these
products represent volcanic episodes of varied and
fluctuating composition and eruptive style, probably
linked to intermediate to silicic volcanic complexes,
indicative of a more dynamic and mature magmatic
arc. This evolution trend is consistent with the
following magmatic stage developed during the Late
Triassic, represented in the Chilean Frontal Cordillera
by basaltic-andesitic lavas and subordinate dacitic
ignimbrites of the La Totora and San Félix formations
(Salazar et al., 2013; Salazar and Coloma, 2016),
and by bimodal successions of rhyolitic to dacitic
ignimbrites and basaltic-andesitic lavas of the Pastos
Blancos Formation (Ortiz and Merino, 2015; Murillo
etal.,2017). Hence, the magmatism associated with
the Guanaco Sonso Formation presents a transitional
character between that typical of the Choiyoi Group
and that characteristic of the last period of the pre-
Andean Stage.

6. Conclusions

A stratigraphic description and lithofacies
analysis, together with structural observations, have
been carried out on volcanic and sedimentary rocks
of the El Tapado and Guanaco Sonso formations,
exposed in the La Laguna sector (~30-30.5° S), in
the Chilean Frontal Cordillera. The obtained results
provide relevant insights into the depositional,
paleoenvironmental, and tectonic evolution of an
intra-arc Permian-Triassic setting, as well as their
regional significance when compared to the Choiyoi
Magmatic Province.

The El Tapado Formation is characterized by
rhyolitic to dacitic, thick and welded ignimbrites
associated with caldera volcanism, present as the main
filling of extensional depocenters within a volcanic
landscape dominated by silicic volcanic centers.
In the study area, the accommodation of this unit
was likely related to extensional activity along
major structures like the Olivares and Carmen faults.
The occurrence of sedimentary episodes in this
formation was primarily controlled by volcaniclastic
input, as inferred in similar volcaniclastic basins
elsewhere. The fluvial-alluvial post-eruptive
successions observed in the eastern part of the study
area were contemporary to a significant decrease
in pyroclastic activity. In contrast, the lacustrine to
subaerial sedimentation observed around the center
of the study area was probably caused by a higher
and more marginal position of this depocenter
concerning the active emission centers. Sedimentary
lithofacies associations suggest a transition from
relatively humid conditions to semi-arid or even
arid conditions during the Guadalupian-Lopingian,
which is consistent with regional paleoclimatic
observations and is the first evidence ever provided
in a Gondwanan paleobasin in Chile. Based on
the lithofacies analysis, the structural context, and
available geochronological data, we consider that
El Tapado Formation as representative of the Upper
Section of the Choiyoi Group in Chilean territory,
confirming previous assumptions.

The Guanaco Sonso Formation, which comprises
andesitic to dacitic ignimbrites, breccias, and lavas,
together with subordinate lacustrine and laharic
deposits, constitutes a proximal (i.e., near-vent)
volcanic environment. In this formation, the varied
and fluctuating nature of the volcanic products in
terms of eruptive style and composition are interpreted
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to represent an intermediate to silicic multifocal
complex. These characteristics and interpretations
are consistent with those reported at ~29° S, where
its main reference section is located. The magmatic
stage associated with the Guanaco Sonso Formation
indicates a migration of the arc towards the continental
margin (i.e., trenchwards) at this latitude.

The volcanic products of the El Tapado and
Guanaco Sonso formations differ notoriously in
composition and eruptive style, setting a transition
into the basaltic-andesitic to bimodal volcanism that
would be characteristic of the last period of the pre-
Andean Stage during the Late Triassic.
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Appendix A: Stratigraphy and lithofacies analysis

1. Stratigraphic sections

A general description of the stratigraphic sections is presented.

1.1. Las Tetas section

This section is a composite of two nearby transects described west of the Colorado river, in the hanging
wall of the Olivares fault, on rocks of the El Tapado Formation (Fig. 2). The lower transect corresponds to
an ~800 m-thick homocline with a dip of ~30° to the northwest, comprising from the dacitic ignimbrites of
VF1 to the fluvial conglomerates of F1 (Fig. 3), which are truncated by the Olivares fault. The upper transect
is located a few hundred meters to the southwest of the lower transect. A ~200 m-thick stratigraphic gap is
estimated between the two on the basis of field and remote (e.g., geospatial) observations. The upper transect
consists of a homocline dipping subvertically to the northwest, comprising from the stratified pyroclastic
deposits of VF3 to the rhyolitic ignimbrites of VF1 (Fig. 3), which are also truncated by the Olivares fault.
Both transects are intruded by several aplitic sills.

Coordinates (SIRGAS UTM Zone 19S):

* Lower transect:
- Bottom: N 6,661,950 m; E 413,570 m
- Top: N 6,662,690 m; E 412,670 m

» Upper transect:
- Bottom: N 6,660,890 m; E 411,360 m
- Top: N 6,661,060 m; E 410,810 m

1.2. El Tapado section

This section was described to the north of the El Tapado ravine, in the footwall of the Carmen fault
(Fig. 2). It consists of a succession of ignimbrites, lavas, and thick lacustrine to subaerial deposits of the
El Tapado Formation. The rocks form a homocline that dips gently to the southeast and is interrupted by the
Carmen fault, which brings it into contact with an almost coeval pyroclastic succession of the El Tapado
Formation (Fig. 4A).

Coordinates (SIRGAS UTM Zone 19S):
e Bottom: N 6,672,280 m; E 403,340 m
e Top: N 6,671,640 m; E 404,530 m

1.3. Ingaguas section

This section, modified from Velasquez et al. (2021), was described on the east side of the Ingaguas
river valley, east of the Matusalén ravine, in the footwall of the Bafios del Toro fault (Fig. 2). It comprises
lavas, pyroclastic deposits, and sparse sedimentary rocks of the Guanaco Sonso Formation, forming a gently
dipping homocline to the west. The succession is intruded by monzogranitic sills and is in contact towards
the top with the Piuquenes Plutonic Complex.

Coordinates (SIRGAS UTM Zone 19S):
*  Bottom: N 6,658,110 m; E 391,040 m
*  Top: N 6,658,270 m; E 392,520 m
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2. Lithofacies associations

Below is a detailed description and interpretation for each lithofacies association defined in this work.
Mention is made to lithofacies codes, figures, tables, and references presented in the main body of this article.

2.1. Volcanic lithofacies associations

2.1.1. Mafic volcanism

VM]1: Basaltic-andesitic to andesitic lavas (c¢B, cA)

Description: Packages of meter-scale coherent basaltic-andesitic (lithofacies ¢B) to andesitic (lithofacies cA)
lavas. In the El Tapado section, they are dark gray to black in color and have mostly porphyritic texture, with
3-12% phenocrysts of 1-2 mm of plagioclase and subordinate amphibole in an aphanitic groundmass. Other
subordinate layers are aphanitic in texture. The packages show decimeter-scale columnar jointing, and flow
textures given by tight and sinuous fractures subparallel to the stratification plane. The lower package has
an amygdaloidal texture, with zeolites and calcite filling (Fig. 4B). Thicknesses are maximum in the section
and decrease laterally until their trace is lost a several tens of meters away.

In the Ingaguas section, the c¢B lavas are dark gray to greenish gray in color and have porphyritic and
amygdaloidal texture. Most of them have 25-30% plagioclase phenocrysts in an aphanitic groundmass, and
amygdules (~15-20%vol.) of calcite, zeolite and clays. Other layers have olivine phenocrysts (4-13%) in a
subophitic to intersertal groundmass of clinopyroxene, plagioclase and iron oxides, with sparse and small
calcite amygdules. c¢A consists of slightly porphyritic lavas, with phenocrysts (~1%) of plagioclase in an
aphanitic groundmass. Locally, they include volcanic lithics and calcite amygdules towards their base.
Interpretation: This lithofacies association represents subaerial mafic to intermediate effusive volcanism
(e.g., McPhie et al., 1993). The thickness variations observed in the El Tapado section suggest a high proximity
to the emission center. In turn, columnar jointing is attributed to tensional stresses in the lava flows due to
contraction during cooling (e.g., Cas and Wright, 1987). The composition, phenocryst content, and vesicular
texture of the lavas indicate low viscosity magmas, with a relatively high degree of volatile exsolution in
the case of ¢B (e.g., McPhie et al., 1993).

2.1.2. Intermediate volcanism

VII1: Proximal andesitic volcanism (mBr, mILT, frmT, cA)

Description: This association groups massive pyroclastic breccias (lithofacies mBr), lithic-rich massive
ash-lapilli tuffs (lithofacies mILT), fine-rich massive ash tuffs (lithofacies frmT), and subordinate andesitic
lavas (lithofacies cA4). Three packages of this association are recognized in the Ingaguas section. The lower
package groups massive pyroclastic breccias (mBr) and lithic-rich massive ash-lapilli tuffs (mILT). The
breccias of mBr are greenish to dark gray in color, matrix-supported, poorly to very poorly sorted, consist
essentially of polymictic volcanic lithics in a glassy matrix and show alteration of propylitic affinity. The
ignimbrites of mILT are gray in color, matrix-supported, poorly to very poorly sorted, and contain lithics of
light shades, corresponding to intrusives and tuffs, in a matrix of fine vitreous ash.

The middle package is composed of an andesitic lava (cA4), a fine-rich massive ash tuff (frmT), and a
lithic-rich massive ash-lapilli tuff (mILT). cA is greenish to dark gray in color and has a porphyritic texture,
with scarce plagioclase phenocrysts in an aphanitic groundmass. frmT'is dark gray in color, matrix-supported,
poorly sorted, and contains 30-35% plagioclase crystals in a matrix of fine vitreous ash, being classified as
vitric in terms of fragment composition. Finally, m/LT is gray in color and contains abundant volcanic lithics
2-3 cm in diameter and plagioclase crystals, in a matrix of fine vitreous ash.

The upper package consists of a massive lithic-rich ash-lapilli tuff (mILT). It has a reddish-brown color
and contains 25-30% andesitic lithics up to 4 cm in diameter, with elongated to equidimensional shapes,
diffuse to well-defined rounded edges, and variable crystallinity grade (i.e., juvenile lithics; Fig. 4C). Other
lithics (10-15%) are up to 1 cm in diameter, angular and of intermediate to felsic volcanic type (accidental or
accessory). The glassy matrix has incipient to moderate welding and includes 25-35% plagioclase crystals.
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Interpretation: This association is interpreted as proximal (i.e., near-vent) volcanic deposits derived from
mainly explosive andesitic volcanism, precursor of high-energy pyroclastic density currents. The massive
structure and poor sorting of the pyroclastic deposits (mBr, mILT, frmT) point to fluid escape as the dominant
depositional control, which can be attributed to their abundant fine fraction (low permeability) or to a high
gas content in the current (e.g., Branney and Kokelaar, 2002; Sulpizio and Dellino, 2008). firmT is interpreted
as a smaller grain-size equivalent of mLT, formed by pyroclastic density currents of lower concentration,
depleted in lithics. The succession cA-firmT-mILT in the middle part of the Ingaguas section denotes a
progressive enrichment in volatiles of the magmatic source, probably associated with an injection of new
magma, capable of inducing the transition from effusivity to increasing explosivity. For the mILT layer in
the upper part of the section, the variable shape, texture and crystallinity grade of its juvenile lithics suggest
differences in magma rheology, which may be associated with magmatic chamber zonation (e.g., Hernando
et al., 2019). Mineral content in all lithofacies suggests overall andesitic compositions.
VI2: Proximal dacitic volcanism (cD, mBr, mBrf, dbBrf, Sm, LI)
Description: Massive pyroclastic breccias (mBr) and massive to diffusely bedded pyroclastic breccias with
directional grain fabric (mBrf, dbBrf) of dacitic composition, intercalated with dacitic lavas (cD), massive
sandstones (Sm), and redeposited calcilutites (L/). mBr is reddish-gray, matrix-supported and poorly sorted,
with decimeter to centimeter-scale clasts of mainly felsic intrusive rocks. mBrfand dbBrfhave decimeter to
meter-scale layers that are reddish-gray, matrix-supported (with some clast-supported domains), and poorly
sorted, although better than mBr. Their directional fabric is defined by blocks and lapilli with their long axes
parallel to the bedding plane, and they develop inverse lithic gradation (Fig. 4D). In terms of components,
there are lithics (35-80%) of ~8 cm in diameter on average (~1 m maximum) of intrusive, lavic and tuffaceous
type to a lesser extent, in addition to juvenile lithics (5-15%), centimeter to decimeter-scale in diameter, and
crystals (5-10%) of plagioclase and quartz in similar proportion, in a matrix of fine vitreous ash (5-40%). In
the lower part of the Ingaguas section, the breccias are capped by levels of stratified calcilutites <25 cm thick
(Fig. 4D), which have tabular to irregular shape, abrupt changes in thickness, and are partially mixed with
the vitreous ash matrix. ¢D consists of meter-scale massive lava flows of red color, slightly porphyritic in
texture, with small and scarce plagioclase phenocrysts. In turn, Sm is composed of fine- to medium-grained
sandstones, arranged in centimeter- to decimeter-scale tabular layers of gray color.
Interpretation: The dacitic volcanites of this association are considered to represent an evolution from a stage
of high-energy explosive volcanism (breccias) to one of lava effusion, probably linked to intense degassing
of the magmatic source (e.g., Cas and Wright, 1987). The poor sorting and massive structure of mBr point
to fluid escape as the dominant control in the lower part of the current during deposition (e.g., Branney
and Kokelaar, 2002), whereas the breccias with directional grain fabric and diffuse bedding (mBrf+dbBrf)
indicate a greater influence of the granular flow component, through shearing and energy transfer between
clasts, a mechanism that also explains the inverse gradation of lithics through combined processes of kinetic
sieving and kinematic squeezing (e.g., Branney and Kokelaar, 2002; Sulpizio and Dellino, 2008). These
characteristics fit the pulsational model of Sulpizio and Dellino (2008) for low-volume pyroclastic density
currents, in which deposition would occur through successive pulses stopped en masse. In particular, it is
inferred that the irregular calcilutite levels in the breccias would have been removed in a semi-consolidated
state by the current and transported to the top of each pulse by buoyancy effects. The sandstones (Sm)
intercalated in the breccias are attributable to intermittent laharic events during pyroclastic activity, probably
through hyperconcentrated flows, as suggested by their tabular geometry and massive structure (e.g., Smith
and Lowe, 1991). Mineral content of the volcanic lithofacies suggests overall dacitic compositions.
VI3: Andesitic to dacitic ignimbrites (emLT, mLT, efrmT)
Description: Massive, mostly eutaxitic ash-lapilli to lapilli-ash tuffs (emLT, mLT) and massive, eutaxitic,
fine-rich ash tuffs (efrmT), of andesitic to dacitic composition. All lithofacies are poorly to very poorly sorted.
In the El Tapado section, a succession of three eutaxitic lapilli-ash tuffs (emLT) is recognized. They are
conformed mainly by vitric fragments, have andesitic to dacitic compositions, and violaceous to yellowish-
gray colors. The first ignimbrite has incipient welding and contains 10-15% fiamme up to 5 mm long, 8-13%
plagioclase and amphibole crystals, and 1-3% angular lava lithics up to 2 mm long, enveloped in a slightly
vesicular glassy matrix. The second ignimbrite has moderate to penetrative welding and consists of 10-15%
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fiamme up to 5 cm long, 15-20% plagioclase, quartz and amphibole crystals, and 7-12% angular lava lithics
up to 3 cm in diameter (some with concave edges), in a glassy matrix with numerous lithophyses 1-3 mm
in diameter. The third ignimbrite (Fig. 4E), in turn, has moderate welding and contains 12-23% fiamme
up to 4 cm long, 18-23% plagioclase and amphibole crystals, and 1-2% angular lava lithics up to 2 mm in
diameter, enveloped in a glassy matrix.

Lower in the El Tapado section, there are other two ignimbrites: one intercalated between deposits of
lacustrine associations L2 and L3, and the other intercalated between L3 and LS1 (Fig. 3), both corresponding
to massive vitric lapilli-ash tuffs (mLT). The former has incipient welding, irregular to flattened vitreous
juvenile pyroclasts, plagioclase, quartz and sanidine crystals, and angular lava and tuffaceous lithics, in
a matrix of vitreous fine ash and slightly flattened glass shards (Fig. 4F). The latter has rounded pumice,
plagioclase and quartz crystals, and angular lava and tuffaceous lithics.

In the upper half of the Ingagués section, eutaxitic, fine-rich, massive ash tuffs (efirm7T) and eutaxitic,

massive ash-lapilli tuffs (emLT) of dacitic juvenile composition are recognized. efrmT is brownish red in
color, has 25-35% plagioclase and minor quartz crystals, along with fiamme (5-10%) up to 1 cm long, and
sparse angular volcanic lithics up to 3 mm in diameter, in a matrix of fine vitreous ash and moderately welded
glass shards (Fig. 4G). emLT is also brownish red in color and contains abundant lithics up to 15 mm in
diameter, of lava and subordinate intrusive type, which present inverse gradation. There are also fiamme up
to 4 mm long, and pervasively altered crystals, in a matrix of fine vitreous ash.
Interpretation: Explosive intermediate volcanic products, whose high proportion of fine vitreous ash, eutaxitic
texture, and massive structure, denote an origin from high-temperature pyroclastic density currents, with
deposition controlled by fluid escape (e.g., Branney and Kokelaar, 2002). The smaller grain-size and lithic
depletion of the ignimbrites of efimT is attributed to a relatively lower concentration of the forming current.
The inverse lithic gradation of emLT in the Ingaguas section may be linked to increased current competence,
or lithic availability, for example, as a result of proximal avalanches (e.g., Branney and Kokelaar, 2002).

In the El Tapado section, this intermediate volcanism is recorded from the redeposited pyroclastic
deposits of underlying lacustrine associations L2 and L3. The ignimbrite intercalated between associations
L2 and L3 is surrounded by deep and shallow lacustrine deposits, respectively, so it is very likely to have
been emplaced in a subaqueous environment. Its incipient welding and flattened juvenile pyroclasts point
to hot deposition, which restricts its emplacement to shallow waters (e.g., Cas and Wright, 1991). As for the
upper package of emLT ignimbrites in the El Tapado section, their texture indicates subaerial deposition,
which is consistent with the lacustrine to subaerial environment inferred for the underlying association LS1.

2.1.3. Felsic volcanism

VF1: Dacitic to rhyolitic ignimbrites (emLT, emILT, //sT, mT)

Description: Decimeter- to meter-scale ash lapilli to lapilli-ash tuffs, massive in structure and eutaxitic in
texture (emLT), with mostly moderate to dense welding (Fig. 5A to C). Some subordinate levels of these ash
lapilli to lapilli-ash tuffs are enriched in lithic fragments (em/LT). Locally, thin (cm-thick) layers of parallel-
stratified ash tuffs (/sT) and massive ash tuffs (m7) crown the ignimbrites.

This association is the most abundant in the Las Tetas section. There, their color varies mostly between
light pink, orange, light gray, and whitish. They contain 15-30% (up to 40%) of fiamme up to ~15 cm long,
generally very flattened by welding (Fig. 5B and C), and locally with amoeboid shapes (Fig. 5D). There
are also polymictic volcanic lithic fragments up to 5 cm in diameter, whose proportion does not exceed
15%, except for subordinate layers where they reach 35-40%, characterizing these layers as lithic-enriched
(emlLT). Lithics are of lava and tuffaceous type, and most of them are angular and with well-defined edges,
so they are considered accidental or accessory. In some segments of the section (Fig. 3) they are normally
graded in proportion and size. The crystalline fraction is 5-15% in several deposits, reaching 25-35% in other
ignimbrites. Crystals are mainly plagioclase, quartz and sanidine; ferromagnesian crystals are subordinate,
finding amphibole and biotite (Fig. 3). All of the above is supported by a matrix of abundant fine vitreous
ash. Juvenile composition is estimated as dacitic to rhyolitic, showing a progressive increase in silica content
towards the top of the section.
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In the uppermost part of the Las Tetas section, eutaxitic, massive lapilli-ash tuffs (emLT) are recognized.
They are conformed mainly by vitric fragments, have moderate welding, strong red color with brownish
tone, and a composition estimated as rhyolitic. They contain 20-35% fiamme up to 6 cm long, with irregular,
sinuous shapes, and argillaceous halos. There are also 15-25% of plagioclase, quartz and sanidine crystals,
in similar proportions, in addition to 2-3% of lithic fragments up to 2 cm in diameter, angular and with well-
defined edges, of lava and tuffaceous type. Under the microscope, it is observed that the matrix is composed
mostly of glass shards, flattened and deformed around larger fragments (Fig. 5C).

In the lower part of the El Tapado section, eutaxitic, massive lapilli-ash tuffs (emLT) are observed.
They are conformed mainly by vitric fragments, have moderate to dense welding, and light gray color with
brownish to yellowish tone. They consist of abundant vitreous material, with 50-70% of vitreous fine ash
matrix and flattened glass shards, and 25-30% of fiamme up to 12 cm long, flattened and deformed around
other fragments. There are also 5-20% of plagioclase, quartz and sanidine crystals, in similar proportions.
Subordinately, there are volcanic lithic fragments (1-3%) up to 2 cm in diameter, angular and with well-
defined edges, frequently with concave, irregular or rough shapes, and argillaceous halos.

Interpretation: The poor sorting and massive structure of ignimbrites suggest that the dominant depositional

control is the escape of fluids from the forming deposit, as these can override the effects of turbulence on

shearing and particle segregation (e.g., Branney and Kokelaar, 2002). This mechanism operates in currents
with concentrated basal parts and leads to rapid particle aggradation. The local occurrence of em/LT indicates

a higher energy in the early stages of the pyroclastic current, such that it could entrain a higher proportion of

dense lithics. Most ignimbrites do not show significant vertical variations, suggesting deposition under quasi-

stable conditions, with pyroclast aggradation at a constant rate (e.g., Branney and Kokelaar, 2002). Normal
lithic gradation in some sections is attributable to waning pyroclastic flows in terms of velocity, competence
or mass flow. The large thickness and fine ash content of the deposits is consistent with subcritical pyroclastic
flows (sensu Bursik and Woods, 1996), which are relatively slow, thick, and require a high mass flux from the
source. The eutaxitic texture and moderate to dense welding of the ignimbrites indicate a high emplacement
temperature. The textures of the lithic fragments denote thermal erosion, which is consistent with the high
welding degree of the ignimbrites. The welding is attributable to load compaction of the cooling ignimbrites

(e.g., Freundt, 1999), and it is also possible that reabsorption of volatiles (e.g., Sparks et al., 1999), favored

by poor sorting, played an important role. Finally, the thickness and welding of the ignimbrites, together

with the absence of Plinian fall deposits, are consistent with low, large volume eruptive columns (i.e., boiling
over) linked to caldera subsidence (e.g., Branney et al., 1992; Freundt, 1999), in which an instantaneous and
continuous collapse of the ejected material occurs. These eruptive columns lose less heat and fine ash by

mixing with atmospheric air than high-altitude Plinian plumes (e.g., Branney et al., 1992).

VF2: Phreatomagmatic deposits (dbLT, bLT, xsT, mT, //sT, //sTves)

Description: Succession of dacitic ash-lapilli to ash tuffs, of light yellowish gray to orange and reddish color.

Two groups of lithofacies can be distinguished, which form decimeter- to centimeter-scale intercalations in

similar proportions (Figs. 3 and 5E) and are described next:

1. GI - Ash-lapilli to ash tuffs with diffuse to well-defined bedding: Dominance of diffusely bedded ash-
lapilli to ash tuffs (dbLT), in some parts with well-defined bedding (bLT), which show a finer grain
size compared to ignimbrites from association VF1 (fragments generally <I cm); locally, there are
intercalations of cross-laminated ash tuffs (xs7). The diffuse bedding and stratification of dbLT is defined
by normal and inverse gradations in size (medium lapilli to fine ash) and proportion of fragments, which
also have a directional fabric, with the long axes of the clasts parallel to the bedding plane (Fig. 5I).
bLT is closely related to dbLT, differentiated by the development of abrupt bedding planes (Fig. SH).
xsT forms layers of a few centimeters thick, with low-angle cross-lamination (5-15°) and numerous
internal erosive truncations (Fig. 5G).

2. G2 - Massive to laminated ash tuffs: Dominance of massive ash tuffs (mT), with minor occurrence of
vesicular laminated ash tuffs (/s7ves) and laminated ash tuffs (//s7) (Fig. 5F). mT consists of well-
sorted vitric ash tuffs, 7-80 cm thick, mainly coarse ash size, and with vesicular texture (<10%vol.).
//sTves has discontinuous horizontal lamination and a high proportion of ellipsoidal to irregular vesicles
(25-30%vol.), is moderately sorted, and forms beds <30 cm thick. //sT has continuous horizontal
lamination, good sorting, and forms beds 8-20 cm thick.
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More specific features of both groups are found in the detail section (Fig. 5E in the main article and
Table A1 in this Appendix), which comprises the last few meters toward the top of the VF2 succession, up
to the onset of a new thick ignimbrite of VF1. The intercalation of a ~1.2 m package of the VF1 association
is worth to notice, composed of the lithofacies em/LT+emLT+//sT+mT (Fig. SH).

TABLE A1. DESCRIPTION OF THE DETAILED STRATIGRAPHIC SECTION OF FIGURE 5E.

N° Thickness Lithofacies Description Images
(cm)
1 50 dbLT  Ash-lapilli tuff to ash tuff. Starts with a 10 cm-thick, clast-supported, and poorly sorted Fig. SF, 1

layer (average grain size of ~5 mm, with maximums of ~4 cm), rich in angular volcanic
lithics (25-35%) and crystals (20-25%) of plagioclase > quartz ~ amphibole, along with
numerous fiamme (15-20%). The layer shows normal gradation to a matrix-supported
domain enriched in vitreous fine ash, spanning the remaining 40 cm. Within this domain,
there are numerous, rhythmically intercalated 1-5 cm thick levels that are analogous to the
initial layer, with both normal and inverse grading with respect to the fine domain. The
deposit has a fabric given by clasts with their long axes parallel to the stratification plane.

2 80 mT  Massive, well-sorted, vitric ash tuff with a coarse ash grain size and vesicular texture Fig. 5SF
(5-10% vol.). It contains abundant non-oriented angular glass shards (35-45%), crystals
(20-25%) of plagioclase >> quartz ~ amphibole, subangular pumice fragments (15-20%),
and black volcanic lithics (8-12%). Vitreous fine ash content is low.

3 10 //sT  Vitric ash tuff with continuous horizontal lamination. It has a flat basal contact, and isricher Fig. 5F
in vitreous fine ash content compared to the tuff of level 2. The deposit has limited lateral
continuity, spanning a few meters only. The fragments do not exhibit oriented fabrics.

4 20 //sTves  Vitric ash tuff with discontinuous horizontal lamination. It shows a gradational contact Fig. SF
with the tuff of level 3 and maintains limited lateral continuity. It differs from the previous
level in terms of larger grain size, moderate sorting, content of fiamme (<1 cm, 5-10%),
and a high percentage of elliptical to irregular vesicles (25-30%vol.).

5 20 mT  Vitric ash tuff, analogous to the previous one within this lithofacies. It has an irregular base.  Fig. 5F, G

N

8-25 xsT  Well-sorted crystalline ash tuff, with a slightly irregular erosive base. It exhibits low-angle Fig. 5F, G
cross-lamination (5-15°) with laminae separated by numerous erosive surfaces. It consists of
50-60% crystals, predominantly plagioclase > amphibole ~ quartz, along with subordinate
lithics, in a matrix of glass shards and vitreous fine ash.

7 12-40 emILT  Well-sorted, massive ash-lapilli tuff with eutaxitic texture. It shows a flat to slightly erosive Fig. 5SF,
contact with level 6. It has a high content (35-45%) of polymictic volcanic lithics, with G, H
graded sizes up to ~4 cm. It also contains 15-20% fiamme up to 3 cm and subordinate
crystals, within a vitreous matrix with incipient to moderate welding.

8 45-73 emLT  Well-sorted, massive vitric lapilli-ash tuff with eutaxitic texture. It has a gradational Fig. SH
basal contact, and a lower content of lithics (15-25%) and fiamme (8-15%) than level 7,
maintaining their size range. Incipient welding is observed.

9 20 //sT  Vitric crystal ash tuff with well-defined tabular geometry and continuous horizontal Fig. SH
lamination. Itexhibits good sorting, with 1-2 mm-sized fragments, predominantly consisting
of glass shards (with bubble-wall textures) and crystals, along with subordinate volcanic
lithics. The fragments do not exhibit oriented fabrics.

10 15 mT  Vitric crystal ash tuff, very similar to the previous one in terms of components and geometry, Fig. SH
but with a massive structure.

11 180 dbLT;  Ash-lapilli tuffs to ash tuffs. They are very similar to the initial deposit (number 1 in this Fig. SH
bLT  section). They are differentiated by the intercalation of centimeter-thick layers with well-
defined bedding planes (bLT).

12 15 mT  Massive vitric ash tuff, with coarse ash grain size. -

13 30 emILT Massive ash-lapilli tuff with eutaxitic texture. Analogous to the previous layer of this -
lithofacies.

14 >200 emLT  Massive vitric lapilli-ash tuff with eutaxitic texture. In gradational contact with lithofacies -
emlILT.

Description from base to top of the detailed stratigraphic section of Fig. SE, showing the interplay between lithofacies associations
VF2 and VF1 in the lower part of the Las Tetas section (see Fig. 3 for reference). Associations VF1 and VF2, as well as the groups
G1 and G2 within VF2, are represented using the same colors as in figure 5E.
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Interpretation: For each group of lithofacies, the following interpretations are made:

1. GI - Ash-lapilli to ash tuffs with diffuse to defined bedding: Diffuse structures and normal and inverse
gradations, together with fine grain size and absence of welding, are typical features of deposits formed
by cold and highly mobile currents related to phreatomagmatic activity (e.g., Self, 1983; McPhie, 1986),
commonly known as base surge deposits (e.g., Cas and Wright, 1987). The diffuse structures suggest
a granular flow mechanism in the lower part of the current, linked to a relatively high concentration
in that zone, while the gradations indicate instabilities during aggradation, attributable to successive
surges in a sustained turbulent current (e.g., Branney and Kokelaar, 2002). In this sense, the occurrence
of bLT together with dbLT would denote locally stronger shear gradients. The xsT layers are attributed
to minor pulses of slow aggradation, likely deposited by traction (e.g., Branney and Kokelaar, 2002).

2. G2 - Massive to laminated ash tuffs: Massive ash tuffs (mT) indicate stable direct-fall processes (i.e.,
fallout deposits) (e.g., Talbot et al., 1994). Their vesicularity points to humid and cold conditions (<100 °C)
in the presence of liquid water, which favor the entrapment of air bubbles (e.g., Walker, 1971). //sTves
denotes higher humidity, given its higher vesicularity and poorer sorting, while its discontinuous lamination
is attributed to water splashing during aggradation (e.g., Walker, 1971, 1981). The //sT layers indicate
local episodes of laterally uniform and temporally unsteady aggradation (Branney and Kokelaar, 2002).

The intercalations of base surge and fallout deposits (e.g., Self, 1983; McPhie, 1986), and the horizontal
layering and lamination (e.g., Branney, 1991), allow interpreting this association as phreatomagmatic deposits.
Phreatomagmatic eruptions generate pulsational currents, sustained by rapidly depletive surges, which deposit
by direct fallout from ash clouds and by traction from slightly faster pulses (e.g., Branney and Kokelaar,
2002). The relatively fine grain size of G1 ignimbrites (compared to ignimbrites from association VF1) is
attributable to a higher degree of magma fragmentation resulting from mixing with surface water, which
increases the explosiveness of the eruption (e.g., Self and Sparks, 1978). An origin of this kind is consistent
with caldera-type volcanism, characterized by large-scale explosive silicic eruptions, which may occur in
contact with lakes developed in their crater (e.g., Self and Sparks, 1978; McPhie, 1986).

The VF1 deposit interbedded in the upper part of VF2 in the Las Tetas section would have been formed
by a more concentrated, slower, and hotter pulse, as indicated by the massive fabric and welding of em/LT
and emLT, while the /sT and mT layers are attributed to direct fallout from the co-ignimbrite ash cloud. This
episodic transition between VF2 and VF1 could be indicative of an episodic loss of the influence of water on
the eruption mechanism, giving way to long-lasting drier conditions. The latter reflects a complex relationship
between water availability (and access) and the morphology of the emission center (e.g., Self, 1983).

VF3: Distal pyroclastic surge deposits (sT, xsT, mLT, mLTf, //sT)

Description: This association groups thin (<dm-thick) stratified pyroclastic deposits intercalated in the Las
Tetas section (Fig. 3). The main package corresponds to a succession of stratified (s7) and cross-stratified
(xsT) ash tuffs, and massive lapilli-ash tuffs with directional grain fabric (mLTf), brownish red in color.
These lithofacies are interbedded in variable proportions, forming centimeter- to decimeter-scale layers, with
common flat-erosive basal contacts in the case of s7 and xs7, and gradational in the case of mLTf (Fig. 5J
and K). s7 and xs7 are clast-supported, have moderate to good sorting, and their stratification is defined
by variations in fragment size and composition. The clasts have angular to rounded shapes, and consist of
plagioclase (50-55%), volcanic lithic fragments (10-15%), quartz (7-12%) and glass shards (20-25%), so
the tuffs are compositionally classified as crystalline. mLTfis supported by a matrix of vitreous fine ash and
glass shards and has poor sorting. It contains abundant vitreous juvenile pyroclasts (30-50%) up to 20 mm
long, rounded, elongated and with diffuse edges, which form a directional fabric with their long axes parallel
to the stratification plane (Fig. 5K). To a lesser extent (17-22%), it has plagioclase and quartz crystals, and
subordinate volcanic lithics. These tuffs are classified as vitric in terms of fragment composition.

Other two thin, brownish-red pyroclastic deposits of this association are intercalated in the alluvial
succession of association Al (Fig. 3). The lower one (Fig. 5L) consists of a layer of massive lapilli-ash tuff
(mLT) of vitric fragment composition, which towards the top acquires a directional grain fabric (mLTf) and
is overlain by a parallel-stratified ash tuff (//sT), also vitric. Finally, the upper deposit is a layer of lithofacies
//sT, also vitric.

Interpretation: The overall dominance of traction deposition, moderate to good sorting, and high proportion
of crystals and lithics of these deposits are consistent with deposition from dilute pyroclastic density currents
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(i.e. pyroclastic surges) (e.g., Cas and Wright, 1987; Branney and Kokelaar, 2002). The low thickness and
fine grain size of the packages suggest deposition distal from the vent.

For the main package of this association, the contact relations and composition of the lithofacies denote a
highly episodic character in their deposition, in addition to a pyroclastic segregation prior to it. A highly turbulent
pyroclastic density current is inferred, with surges capable of depositing pyroclasts in different proportions, and
others with sufficient energy to erode locally. The segregation of pyroclasts suggest a density stratification in
the lower (basal) part of the current, which is also attributable to the turbulence of the flow (e.g., Branney and
Kokelaar, 2002). This pyroclastic segregation would be responsible for the lithofacies developed, since well-
sorted crystal and lithic fragments facilitate tractional deposition (s7 and xs7), whereas abundant vitreous fine
ash points to to fluid escape as the dominant depositional control, with a granular flow component capable of
generating the directional fabric of juvenile pyroclasts observed in mLTf (e.g., Branney and Kokelaar, 2002).

As for the other two pyroclastic levels intercalated in a succession of association Al, the lower one
denotes an evolution from a deposition controlled by fluid escape and granular flow (mLT and mLTf) to one
dominated by ash fallout from the co-ignimbrite cloud (//s7), which can be attributed to a gradual decrease
in particle concentration in the lower part of the current (e.g., Branney and Kokelaar, 2002). The second
pyroclastic deposit, consisting only of the //s7 lithofacies, as well as the //sT level that caps the previous
deposit, can be categorized as ash-cloud surge deposits (sensu Cas and Wright, 1987), which represent the
final depositional reaches of a pyroclastic current.

2.2. Sedimentary lithofacies associations

2.2.1. Fluvial

F1: Gravel-rich braided river (Gh, Gp, Gem, Shl, Ss, Fm)

Description: Succession of conglomerates, gravelly sandstones, sandstones and mudrocks, all brown in

color, forming meter- to centimeter-scale layers. They have an architecture strongly controlled by the contact

surfaces that separate the deposits (Fig. 6A):

1. Bedding: Horizontal and planar, smooth, distinctly defined, and with variable lateral continuity.

2. Non-erosive contact: Conformable contact between two layers of different lithofacies.

3. Lateral truncation surface: Concave, smooth, vaguely to distinctly defined, separating laterally juxtaposed
deposits of equal or different lithofacies.

4. Minor erosive surface: Irregular, relatively rough, vaguely to distinctly defined, and with reduced lateral
continuity.

5. Major erosive surface: Irregular, highly rough, distinctly defined, and with high lateral continuity.

Gravels make up >90% of the deposits, are up to 12 cm in diameter, rounded to subangular, and spherical
to discoidal; sands appear locally in close relation to the gravels, and the mud forms subordinate levels.

Compositionally, gravels and coarser sands contain abundant polymictic lavic, tuffaceous, and intrusive lithic

fragments; finer sands are enriched in plagioclase, quartz and amphibole crystals, and the mud concentrates

clays. Four types of deposits can be distinguished:

1. GI - Conglomerates with horizontal bedding: Conglomerates to gravelly sandstones with horizontal
bedding (Gh), in layers a few decimeters to a couple of meters thick, with major or minor erosive basal
surfaces. Bedding is defined by centimeter-scale pulses with normal gradation, and clasts are commonly
imbricated. In some sectors, tabular layers up to 50 cm thick are intercalated, formed by thin (cm-thick)
levels in which gravels grade to laminated sandstones (Sh1) (Fig. 6B).

2. G2 - Conglomerates with planar cross-bedding: Conglomerates to gravelly sandstones with planar
cross-bedding (Gp), in layers a few decimeters to a couple of meters thick, with major or minor erosive
basal surfaces (Fig. 6B and D). Bedding is defined by centimeter-scale pulses with normal gradation.
They are usually juxtaposed to other deposits by lateral truncations (Fig. 6A).

3. G3 - Clast-supported conglomerates to poorly sorted sandstones: Massive clast-supported conglomerates
(Gcm) in irregular intergradation with massive to diffusely laminated, poorly sorted sandstones (Ss).
They form layers a few decimeters thick with erosive basal surfaces, which are generally of minor order
(Fig. 6C and D).
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4. G4 - Massive mudrocks: Massive mudrocks to sandy mudrocks (Fm), forming layers <20 cm thick with

net basal surfaces. They are interrupted by erosive surfaces, so their lateral continuity is low (Fig. 6C).

Interpretation: For each type of deposit, the following interpretations are made:

1. GI - Conglomerates with horizontal bedding: They are indicative of tractional processes as part of
the bedload (e.g., Smith, 1990), deposited in episodes of high water and sediment discharge, creating
beds with vertical and frontal accretion (e.g., Miall, 2006). Their normal gradation reflects pulses of
sedimentation, with deposition of finer material as the flow loses competence. The Gh + Shl levels could
correspond to the filling of shallow channels furrowed over the forming gravel layers (e.g., Smith, 1990).

2. G2 - Conglomerates with planar cross-bedding: Considering their structures, their lack of significant
lateral or vertical variations, and their lateral truncations with other deposits, it is inferred that their
sedimentation was controlled by lateral accretion at the margins of gravel bars during the migration of
sinuous channels (e.g., Smith, 1990).

3. G3 - Clast-supported conglomerates to poorly sorted sandstones: They are indicative of rapidly sedimenting
bedload (e.g., Miall, 2006), so they are inferred to be scour pool fills, which is consistent with the shape
and thickness of the deposits. Scour pools, along with bars, are fundamental morphological units in the
dynamics of a gravel braided river (e.g., Ashmore, 1982; Thompson, 1986).

4. G4 - Massive mudrocks: The lithology and thickness of the mudrocks and sandy mudrocks of Fm suggest
deposition in shallow waters by gentle currents (e.g., Smith, 1990) or in ponded waters in abandoned
channels (e.g., Miall, 2006). Therefore, they are cover deposits that close sedimentation cycles, which
help explain their disposition over the other three groups of deposits.

Based on the above, this lithofacies association is interpreted as representative of a braided fluvial system
with abundant gravel and sand, dominated by successive vertical and lateral accretion processes. The stacking
of gravels with fine sediment intercalations suggests multistage deposition, with waning stages that would
have emerged the bars and deposited fine sediments in low-energy pools, followed by floods that would have
reactivated the bars, partially eroding previous deposits and accumulating gravels (e.g., Smith, 1990; Miall,
2006). The features of this association are consistent with the middle to distal parts of a gravel braided river,
in which the flow is distributed in several channels within a wider and relatively shallow channel, forming
horizontally and cross-bedded deposits; as opposed to the proximal part, where the bedload is thicker and
less mobile, forming lag deposits (e.g., Hein and Walker, 1977).

2.2.2. Alluvial

Al: Distal alluvial fan (Sh1, Sh2, Gmm)

Description: Mostly composed of sandstones with planar horizontal lamination (S%7), intercalated in some
sections with muddy sandstones with planar horizontal lamination (S%2) and massive gravelly sandstones
(Gmm) (Fig. 3), forming deposits of light brown color with a strong reddish tone (redbeds), varying to brown
and greenish. Sh/ forms centimeter- to decimeter-scale tabular layers, which in turn form decimeter- to
meter-scale sets, separated by flat to erosive surfaces (Fig. 6E and F). Its sorting is moderate to poor, and its
lamination is very distinct, with internal development of normal gradation from very coarse to medium sand
(Fig. 6G). The clasts are mainly subangular and spherical and consist of plagioclase and volcanic lithics to
a greater extent, along with subordinate quartz and amphibole. S42 is a finer grain size equivalent of Sh/,
with medium sand- to mud-sized clasts. It is arranged in tabular centimeter- to decimeter-scale layers with
flat conformable bases, which are intercalated with those of SA/ at different scales, configuring meter-scale
sets in which one lithofacies is dominant over the other (Fig. 6E). Gmm forms tabular to lenticular layers of
25 cm to 1 m, with conformable to erosive bases (Fig. 6H). It contains clasts of up to 20 cm in diameter in
a fine to coarse sand matrix, the larger ones with their long axes parallel to the stratification plane. They are
rounded to angular, of lavic and tuffaceous type, and make up 15-35% of the layer volume.
Interpretation: The geometric arrangement of the deposits and their sedimentary structures are consistent
with an origin resulting from unconfined flows or sheetfloods in the distal portion of an alluvial fan, or in an
alluvial plain, linked to catastrophic sediment-laden flooding (e.g., Blair and McPherson, 1994; Collinson,
1996; Nichols, 2009). Sheetfloods dominate over debris flows in fans whose inputs are clay-poor (e.g., Blair
and McPherson, 1994), which is consistent with the low mud content of these deposits. Marginal sands of
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alluvial fans are deposited by supercritical flows with reduced competence due to a lower slope in that area
(e.g., Blair and McPherson, 1994). This is consistent with the tabular geometry and horizontal lamination
of the sandstones, and the rhythmic intercalation of coarser and finer sediments. The gravelly sandstones
(Gmm) represent higher energy events, probably hyperconcentrated sheetfloods, as suggested by their
directional grain fabric, tabular shape, and intercalation with finer sediments (S4/) (e.g., Collinson, 1996).

2.2.3. Lacustrine

L1: Carbonate lacustrine (LI, Fl)

Description: Decimeter-scale deposits of calcilutites and subordinate calcarenites with fine horizontal
lamination (L/). In the El Tapado section, centimeter-scale layers of laminated mudrocks to fine-grained
sandstones (F/) are intercalated (Fig. 7A). In this section, L/ deposits have a gray color varying to light
brown on the altered surface. Under the microscope, it is observed that calcilutites are composed mostly of
micrite-rich laminae, with intercalated thin laminae rich in siliciclastic fragments and dispersed volcanic glass
shards (Fig. 7C). Other interlaminated layers consist of a pellet framework, with abundant sparitic cement
as binder (Fig. 7C). In turn, lithofacies F/ is essentially composed of crystals, volcanic lithics, and clay.

In the Ingaguas section, lithofacies L/ comprises deposits of laminated calcilutites and subordinate calcarenites,
which form well-bedded, <30 cm-thick layers light brown in color (Fig. 7B). Under the microscope, the
calcilutites are composed mostly of micrite along with skeletal fragments, pellets and clay, the proportion
of which varies between laminae (Fig. 7D and E). Other laminae are composed of fine sand-sized crystals
and lithics in a clayey matrix. The skeletal fragments consist of remains of very small (<500 pm) and thin
concave shells, as shown in figure 7E and F.

Interpretation: The uninterrupted horizontal lamination and sediment composition of L/ suggest an origin
in a carbonate lacustrine environment, controlled by the settling of suspended biogenic calcareous material
from a relatively shallow body of water under low energy conditions (e.g., Talbot and Allen, 1996). The
Fl levels intercalated in the El Tapado section denote local siliciclastic inputs to the lake at a sufficiently
low rate for carbonate sedimentation to prevail (e.g., Nichols, 2009). This enabled the preservation of glass
shards, which are indicative of contemporary volcanic activity. In the Ingaguas area, the variable proportion
of skeletal fragments between calcilutite laminae suggests recurrent changes in environmental conditions
that control the proliferation of these organisms. The size, shape and thickness of these fragments indicate
that they would correspond to freshwater organisms, probably branchiopods or ostracods; these taxa are
common in shallow continental lacustrine basins (e.g., Gallego and Breitkreuz, 1994).

L2: Deep lacustrine volcaniclastic (Sm, Fm, FI, Rp)

Description: Rhythmic centimeter- to decimeter-scale intercalations between massive to diffusely laminated
sandstones (Sm) and laminated to massive mudrocks (F/ and Fm), greenish to brownish gray in color. They
are rich in volcanic clasts, and form layers up to ~1.5 m thick (Fig. 8A). Sm has flat, conformable to erosive
bases, and commonly develops normal gradation from very coarse to fine sand (Fig. 8B). In general, it is
composed of crystals (plagioclase and sparse amphibole), volcanic lithics and subordinate vitroclasts, has
moderate to good sorting (in ungraded layers), and low to medium roundness and sphericity. Other levels
are richer in fine gravel-sized vitroclasts, which inflict poor sorting, coincident with a poorer roundness
and sphericity. F/ and Fm are composed of fine vitreous ash and glass shards, with sparse crystals. Small
synsedimentary folds develop in some of the rthythmic layers described (Fig. 8C). Locally, layers composed of
vitroclasts and plagioclase crystals with preserved pyroclastic textures (i.e., redeposited pyroclastic deposits)
are intercalated, displaying a faint horizontal lamination (Rp; Fig. 8D).

Interpretation: The lithofacies described and their configuration are consistent with sedimentation by
turbidity currents in a deep lacustrine environment, a mechanism in which the denser, coarser fraction is
deposited from the head and body of the flow as a massive layer with variable gradation, and gradually
transitions to a fine-grained layer deposited from the suspended entrainment cloud (e.g., Cas and Wright,
1987; Nichols, 2009). The poor sorting of some layers is explained by density contrasts of the volcanic
material, rather than by poor hydraulic sorting only (e.g., Cas and Wright, 1987). Synsedimentary folds are
attributable to slumps, common in turbiditic environments (e.g., Elliott and Williams, 1988). The texture and
composition of fragments suggest relatively short transport prior to lake entry. The redeposited pyroclastic
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deposits imply contemporaneous volcanic activity nearby, being their faint lamination consistent with a
decantation mechanism.

L3: Shallow lacustrine volcaniclastic (Swr, Fl, Rp)

Description: Millimeter- to centimeter-scale intercalations between laminated mudrocks (#7) and fine-grained
sandstones with wave ripples to sinuous lamination (Swr) (Fig. 8E), brownish to greenish light gray in color,
forming decimeter-scale strata. They develop wavy bedding and flaser bedding (Fig. 8F and G), and are
composed essentially of fine vitreous ash (F7) and feldspar crystals (Swr). The mudrocks show mottled colors
in shades of green, red, and yellow. In some sectors, there are intercalated redeposited pyroclastic deposits
(Rp) a couple of decimeters thick, showing a massive structure and composed of crystals and vitroclasts of
coarse ash grain size (Fig. 8G).

Interpretation: The association of wave-rippled sand and laminated mud represents an alternation of
tractional transport by oscillatory flows and decantation of mud from suspension, which can be linked to a
shallow lacustrine environment (e.g., Rajchl ez al., 2008; Nichols, 2009; Melchor et al., 2012). Mottling of
mud is attributable to pedogenic processes, common in this type of environment (e.g., Tucker, 2003). The
redeposited pyroclastic deposits denote contemporaneous volcanic activity nearby, and their massive structure
is consistent with the inability of the waves to form structures, given their grain size.

2.2.4. Saline lacustrine to subaerial

LS1: Saline lacustrine volcaniclastic with occasional sheet floods (Swr, Fl, Fm, Ec, Sm)

Description: Succession dominated by sets of thinly (<dm-thick) bedded laminated to massive mudrocks
to sandy mudrocks (F/ and Fm), wave-rippled to sinuously laminated sandstones (Swr), and evaporitic
calcite (Ec), in which meter-scale packages of tabular layers of massive sandstones (Sm) are interbedded
(Fig. 9A). The FiI-Fm+Swr+Ec layers are millimeter to centimeter-thick and develop wavy bedding and
lenticular bedding (Fig. 9B). In general, layers are continuous, and the mudrocks are laminated (¥/) (Fig. 9B).
In other sectors, these sets show cut-and-fill structures with semi-consolidated disaggregated sands, and the
mudrocks are massive (Fm) (Fig. 9B). Fl and Fm are reddish brown, composed of fine glass and sparse
crystals. Swr is light greenish gray, has fine to medium grain size, moderate sorting, and angular grains,
corresponding mostly to feldspars and volcanic lithics, with carbonate cement as binder. Ec has a crystalline
texture, with medium-grained polygonal aggregates of calcite. Sm is dark gray to greenish gray in color,
forming <50 cm-thick layers of moderately sorted, very coarse- to fine-grained sand, angular to subangular
and subprismoidal to subdiscoidal, and commonly show normal gradation (Fig. 9C). Sm is composed mostly
of feldspars, together with volcanic lithics, quartz, and scarce amphibole.

Interpretation: F/ and Swr indicate shallow lacustrine sedimentation (as in association L3), and the
intercalation with numerous evaporite levels (Ec) points to a saline lake environment. This implies that the
evaporation rate must have exceeded the inflow, which occurs in arid or semi-arid climates, and that the
basin must have been hydrologically closed or with restricted drainage (e.g., Eugster and Hardie, 1978).
Variations in shape, continuity and structures in the lithofacies are attributed to varying degrees of energy
of the density currents responsible for the sand inputs. Evaporite production would have been controlled
to a greater extent by the frequency of clastic inputs to the lake (e.g., Hardie et al., 1978), which may have
a seasonal control although are more commonly irregular (e.g., Hardie ef al., 1978; Nichols, 2009). As for
the massive sandstones (Sm), their tabular geometry and normal gradation indicate tractional deposition
by waning pulses from unconfined high-energy flows (e.g., Benvenuti, 2003). The texture of the grains
suggests reduced transport prior to deposition, and the massive to diffusely laminated structure points to rapid
deposition due to high flow concentration or abrupt loss of flow competence. Therefore, these deposits are
interpreted as the product of unconfined flash floods, which would have occurred during subaerial exposure
stages. This is consistent with the activity of ephemeral river courses during heavy rains, although an alluvial
origin cannot be completely ruled out.

LS2: Sheet floods and ephemeral lakes (Sm, Fl, Ec, Eg)

Description: Packages of decimeter-scale massive sandstones (Sm) in the upper part of the El Tapado
section, intercalated towards the top of the succession with decimeter-thick packages of laminated mudrocks
to sandy mudrocks (F/) with evaporitic calcite (Ec) lenses, culminating with a meter-scale package of
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gypsum (Eg). Sm is grayish green to light brown, has moderate to poor sorting, with mostly medium to very
coarse-grained sands (and subordinate fine gravel), and ~5% mud. It has pulses of normal gradation that
define a diffuse lamination (Fig. 9D and G). The clasts are subangular and spherical, and consist mainly of
plagioclase, together with volcanic lithics, mafic minerals and subordinate quartz. F7 has a brownish color,
and forms millimeter- to centimeter-thick layers of sinuous shapes, conditioned by the shape of the evaporite
lenses. It comprises fine to very fine sand, consisting of feldspars to a greater extent, plus mafic minerals,
volcanic lithics and quartz, with ~15% mud. It has horizontal lamination, given by gradations between the
described components (Fig. 9H). Ec forms millimeter- to centimeter-thick lenses with crystalline texture,
conformed by fine-grained polygonal aggregates. Eg is found forming centimeter- to meter-thick layers, with
subordinate fine sediments; it also has a crystalline texture, composed of medium-grained tabular aggregates.
Figures 9E and F show an outcrop and a detail section of these deposits, respectively, in the uppermost
30 m of the El Tapado section.

Interpretation: As in association LS1, the tabular packages of Sm would have been formed by unconfined,
high-energy flash floods spread over a plain under subaerial conditions (e.g., Benvenuti, 2003). In turn, the
Fland Ec deposits are inferred to be the product of sedimentation in ephemeral lakes, which are temporary
bodies of water formed in arid areas by occasional heavy rains and are characterized by repeated cycles
of flooding and evaporation that give way to rhythmic thin layers of fine sediments and evaporites (e.g.,
Hardie et al., 1978; Lowenstein and Hardie, 1985). Flash flood and ephemeral lake deposits are a characteristic
association of arid depositional environments (e.g., Nichols, 2009). The succession of thick layers of Eg
that crowns the section is attributed to a final stage of advanced chemical sedimentation, which allowed the
precipitation of more soluble minerals.





