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ABSTRACT. Mafic monogenetic volcanoes and salt pans or salars are ubiquitous in the Puna plateau of the Central
Andes. In this contribution, we present the study of two Pleistocene mafic monogenetic centers, the Panqueque center
emplaced on the western margin of the Salar de Arizaro and the Medialuna center emplaced within the same salar. Both
centers had initial explosive phreatomagmatic activity that progressed to explosive magmatic (Strombolian) activity and
ended with effusive activity. However, differences in magma flux, bedrock composition, and magma-water interaction
resulted in deposits with different volumes and characteristics and, consequently, varied landforms. The magma batch
that formed the Panqueque center (0.098 km?) passed through a heterogeneous bedrock marked by the transition between
clastic and evaporitic deposits. Variable magma-water interaction generated two stages of phreatomagmatic activity,
producing first a tuff ring or rings and then tuff cones, followed by Strombolian activity. Activity culminated with two
phases of volumetrically dominant lava flows. In contrast, the much smaller Medialuna center (0.00016 km?) was formed
by a magma batch that ascended through the mostly homogeneous halite-rich core of the salar. The magma interacted
with water-saturated evaporitic sediments and fragmented close to the surface, generating a small asymmetric tuff ring.
A minor final stage of magmatic activity consisted of ballistic fall activity and a lava cap at the conduit. The Panqueque
center pyroclastic deposits do not show any specific feature that alludes to the salar environment, possibly because they
formed at the salar margin where alluvial clastic sediments are abundant. Conversely, the Medialuna center deposits do
have a few features, namely the lack of lithics, the possible total disintegration of the mechanically weak and friable
evaporites into fine to very fine ash particles, and the presence of aggregates cemented by gypsum/salts that may be
diagnostic of salar-related phreatomagmatic activity.
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RESUMEN. Volcanismo freatomagmatico monogenético mafico relacionado con salares: dos casos de estudio
de la Puna, Argentina. Los volcanes monogenéticos maficos y los salares son abundantes en la Puna de los Andes
Centrales. En esta contribucion, se presenta el estudio de dos centros monogenéticos maficos pleistocenos, el centro
Panqueque, ubicado en el margen oeste del salar de Arizaro, y el centro Medialuna, situado dentro del mismo salar.
Ambos centros experimentaron actividad freatomagmatica explosiva inicial que progreso a actividad magmatica explosiva
(estromboliana) y culminé con actividad efusiva. Sin embargo, diferencias en el flujo de magma, la composicion del
subsuelo y la interaccidon magma-agua dieron como resultado depdsitos con diferentes volumenes y caracteristicas y,
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en consecuencia, distintas geoformas. El magma que form¢ el centro Panqueque (0,098 km?) atraveso un subsuelo
heterogéneo marcado por la transicion entre depositos clasticos y evaporiticos. Interacciones magma-agua variables
generaron dos etapas de actividad freatomagmatica, produciendo primero un anillo o anillos de toba y luego conos de
toba, seguidos de actividad estromboliana y finalmente con dos fases de flujos de lava volumétricamente dominantes.
Por el contrario, el centro Medialuna, mucho més pequefio en volumen (0,00016 km?), se formoé a partir de magma
que ascendio a través de un sector mayormente homogéneo y rico en halita dentro del salar. Este magma interactud
con sedimentos evaporiticos saturados en agua y se fragmento cerca de la superficie, generando un pequefio anillo de
toba asimétrico. Una etapa final de actividad magmatica menor consistio en caida de fragmentos balisticos y un tapon
de lava en el conducto. Los depdsitos piroclasticos del centro Panqueque no muestran caracteristicas especificas que
aludan al ambiente del salar, posiblemente porque se formaron en el margen de este donde abundan los sedimentos
clasticos aluviales. Por el contrario, los depodsitos del centro Medialuna tienen algunas caracteristicas, en particular
la falta de liticos, la posible desintegracion total de las evaporitas mecanicamente débiles y friables en particulas de
ceniza fina a muy fina, y la presencia de agregados cementados por yeso/sales que pueden ser diagnosticas de actividad
freatomagmatica relacionada con salares.

Palabras clave: Hidrovolcanismo, Anillo de toba, Cono de toba, Flujo de lava, Salar de Arizaro, Zona Volcanica Central de los Andes.

1. Introduction

Monogenetic volcanism typically produces small-
volume and short-lived volcanoes that form during
a single eruptive episode, but that can show a wide
variety of eruption styles, stratigraphic architectures
and geomorphologies (e.g., Németh and Kereszturi,
2015; Valentine and Connor, 2015). Explosive eruptions
at monogenetic volcanoes can be purely magmatic,
but also phreatomagmatic when the magmatic system
interacts with surrounding sub-surface and/or surface
water (e.g., Smith and Németh, 2017; Németh
and Kosik, 2020). Magmatic explosive eruptions,
without external water involvement, generally form
scoria or spatter cones, whereas phreatomagmatic
eruptions typically generate tuff cones, tuff rings,
maars, and maar-diatremes (e.g., Vespermann and
Schmincke, 2000; Kereszturi and Németh, 2012).
Effusive activity forming lava flows are commonly
associated with any of these landform types, but it
can also form volcanoes on its own (e.g., Murcia
and Németh, 2020).

The explosivity in monogenetic volcanic systems,
and hence the resulting pyroclastic deposits and
landforms, is controlled by several factors including
the magma rheology and volatile content, the magma
ascent rate or flux, the geometry and architecture of
the system, the depth of fragmentation, the presence
and abundance of external water, the effective magma-
water ratio, and the degree of mixing between water
and magma (e.g., Vespermann and Schmincke, 2000;
White and Ross, 2011; Valentine et al., 2014; White
and Valentine, 2016; Murcia and Németh, 2020).

The external water that may interact with magma
generating phreatomagmatic eruptions can derive
from surface water or groundwater (aquifers and
water in sediments). In the specific case of aquifers,
important factors that influence the degree and style
of interaction with magma are their location and
depth, recharge rate, lithology and permeability, and
the abundance and physical properties of particles
or fine sediments within them (e.g., White, 1996;
Vespermann and Schmincke, 2000; Németh and
Kosik, 2020; Planaguma et al., 2023). Salt pans or
salars are particular groundwater sources as they
typically consist of layers or mixtures of both clastic
and evaporitic deposits, and hence have distinct
hydrological and mechanical properties (e.g., Rosen,
1994; Giambastiani, 2020; Munk et al., 2021).

Monogenetic volcanism and salars converge in the
Altiplano-Puna region of the Central Andes, which
is part of the subduction-related Central Volcanic
Zone of the Andes (e.g., Stern, 2004; Trumbull
etal.,20006) (Fig. 1). The Altiplano (in Bolivia) and
Puna (in Argentina) form a high-elevation and arid
plateau containing abundant volcanic landforms and
deposits, including hundreds of mafic monogenetic
centers, and large endorheic basins that often host
salars (e.g., Jordan ef al., 1983; Alonso et al., 1991;
Allmendinger et al., 1997).

Here, we describe mafic monogenetic volcanism,
and in particular phreatomagmatism, related to a salar
in the Puna plateau of northwestern Argentina. We
characterize and reconstruct the eruptive histories
of two such centers (here named Panqueque and
Medialuna) emplaced at the margin of (Panqueque)
and within (Medialuna) the Salar de Arizaro.
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FIG. 1. A. Map of South America showing active/potentially active volcanoes (orange triangles) according to Siebert ez al. (2010),
and the volcanic zones of the Andes (NVZ: Northern Volcanic Zone; CVZ: Central Volcanic Zone; SVZ: Southern Volcanic
Zone; AVZ: Austral Volcanic Zone). B. Location of the southern Puna within the CVZ, modified from Trumbull ez al. (2006);
red triangles are active/potentially active volcanoes. C. Spatial distribution of mafic monogenetic volcanism in the southern
Puna, modified from Grosse et al. (2020); location of mafic centers with phreatomagmatic activity taken from Filipovich
et al. (2019). The rectangle on the western margin of the Salar de Arizaro indicates location of figure 2. Background image is
shaded relief map derived from a SRTM digital elevation model.

2. Geological setting

The Puna region of northwestern Argentina is
a high-altitude plateau with crustal thickness up
to ~75 km (Heit et al., 2014; Beck et al., 2015),
crossed by longitudinal and transverse ranges that
delimit extensive Tertiary and Quaternary valleys

that contain salars (Turner and Méndez, 1979;
Jordan et al., 1983; Salfity et al., 2005). It hosts
abundant volcanism from the Late Oligocene-
Early Miocene until Present (e.g., Petrinovic et al.,
2017). In particular, the Puna hosts profuse mafic
monogenetic volcanism, mainly in its southern
region (e.g., Maro et al., 2017).
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2.1. Mafic monogenetic volcanism in the southern
Puna

Mafic monogenetic volcanism in the southern
Puna is represented by ~250 centers including
scoria cones, tuff cones, tuff rings, maars, lava
flows, and lava domes (Maro et al., 2017; Haag et
al., 2019). These centers are spatially distributed
in approximately ten main areas or fields (Fig. 1C)
(e.g., Grosse et al., 2020). Their ages span from the
Late Miocene (~7 Ma) until the Late Pleistocene,
with peaks in activity at around 5-4 Ma and <1 Ma
(Risse et al., 2008; Schoenbohm and Carrapa, 2015).

Evidence of phreatomagmatism in the Puna
region is scarce, possibly as a consequence of the
long-lasting arid climate and the scarcity of water.
However, mafic centers with features suggestive of
phreatomagmatic activity are relatively abundant in
the Pasto Ventura field (Fig. 1C), where Filipovich
et al. (2019) documented three tuff rings, two maars,
and four domes with initial phreatomagmatic phases.
The greater abundance of phreatomagmatic activity
in this field can be associated with its geographic
position at the eastern Puna margin, where precipitation
is higher than in the inner Puna (Filipovich ef al.,
2019). Other mafic centers with phreatomagmatic
activity have been recognized in the Hombre Muerto,
Antofagasta, and Peinado fields (Béaez et al., 2017;
Filipovich et al., 2019; Grosse et al., 2020) (Fig.
1C). All of the documented phreatomagmatic centers
in the Puna seem to be associated with aquifers or
lakes, but not directly with a salar. The only reported
case, to our knowledge, of phreatomagmatic activity
related to a salar is the Luna de Tierra tuff ring on the
Carcote Salar, in the Cordillera Occidental, Chile,
~500 km north of our study area (Ureta et al., 2020).

2.2. The Salar de Arizaro volcanic field

The Salar de Arizaro monogenetic volcanic field
extends along the southwestern margin of the Salar
de Arizaro (Figs. 1 and 2). It consists of several
mafic centers dominated by scoria and lava flows
of basaltic andesite composition (Viramonte et al.,
1984; Boltshauser, 2011). There are seven “°Ar/*’ Ar
ages (six on whole-rock and one on groundmass) for
the mafic centers of the Salar de Arizaro field (Fig. 2;
Schoenbohm and Carrapa, 2015; Maisonnave, 2016;
Maisonnave and Poma, 2016). Ages range from
3.4+0.1 to 2.1+0.3 Ma for the oldest Chuculaqui-

Samenta center (three available ages; Fig. 2), whereas
the other centers are younger, with ages <0.3 Ma
(four available ages; Fig. 2).

The Panqueque and Medialuna mafic centers, the
focus of this study, are part of the Salar de Arizaro
field (Fig. 2). They are characterized by porphyritic
rocks of basaltic andesite composition with olivine
phenocrysts and clinopyroxene and plagioclase
microphenocrysts immersed in a glassy groundmass
(Maisonnave, 2016). A lava from the Panqueque
center was dated at 0.22+0.07 Ma by Schoenbohm and
Carrapa (2015), whereas the Medialuna center lacks
absolute ages. Their deposits and volcanic evolution
have not been described in detail and the role of
phreatomagmatism has not been addressed before.

2.3. Salars in the Puna region and the Salar de
Arizaro

The Altiplano-Puna region is characterized by
salt pans or salars hosted in closed basins bounded
by volcanic chains and tectonic blocks (e.g., Alonso
et al., 1991; Riller and Oncken, 2003). The salars
contain large volumes of continental evaporites (halite,
sulfates, borates, carbonates) accumulated mainly
since ~15 Ma (Alonso et al., 1991; Vandervoort et al.,
1995). They generally show evaporite-dominated
cores and transitional or mixing zones around the
salar margins, where evaporitic and clastic deposits
are interbedded (e.g., Alonso, 2017).

The Salar the Arizaro, at 3,475 m a.s.l., is one
of the largest salars of the Central Andes and the
largest of Argentina with an area of ~1,700 km?
(Fig. 1C). The salar formed within the ~100-km-
diameter Arizaro Basin, which contains Miocene
lacustrine, fluvial, eolian, and evaporitic strata
(DeCelles et al., 2015). It is a mature salar, with a
thick halite core (Alonso et al., 1991; Rosko, 20221).
Sources of water are surface water coming into the
basin from its margins and groundwater inflow via
alluvial fans (Rosko, 2022). Sampling trenches
and exploration wells indicate a depth to the water
table of less than ~1 m (Rosko, 2022). A 470 m
deep well drilled in a central location of the salar,
approximately 17 km east of the Medialuna mafic
center, obtained a profile of crystalline halite (from
0 to 304 m), crystalline halite with some interbedded
sand (304 to 364 m), fine sand with volcaniclastics
and interbedded with halite (364 to 408 m), and fine
brown sand (408 to 470 m) (Rosko, 2022).

! Rosko, M. 2022. Results of year 2021 exploration activities and preliminary lithium resource estimate Salar de Arizaro project Salta province, Argentina.

Interim Technical Report (Unpublished).
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FIG. 2. Simplified geological map of the southwestern margin of the Salar de Arizaro (modified from Zappettini and Blasco, 2001)
showing locations of mafic monogenetic centers and available “°Ar/*’Ar ages (see Fig. 1C for map location). Four ages (light
gray background) are from Schoenbohm and Carrapa (2015), two (purple background) are from Maisonnave and Poma (2016),
and one (pink background) is from Maisonnave (2016). Background image is a TanDEM-X 12 m DEM-derived shaded relief.

3. Methods

Fieldwork consisted of mapping, description
and sampling of the units that form the two studied
centers. In the effusive units, lava flows were described
and sampled. In the pyroclastic deposits, surface
clasts and bombs were described, photographed and
sampled, and three stratigraphic profiles from 50 to
60 cm depth (two in the Panqueque center and one
in the Medialuna center) were excavated, described
and sampled. In the Medialuna center, some bombs
scattered on the salar around the center were identified
and their major axes measured.

Cartography of the two centers was carried out
with the QGIS software using a TanDEM-X 12 m
spatial resolution digital elevation model (DEM)
and optical satellite images of ~1 m resolution
from Google Earth. The MORVOLC software
(Grosse et al., 2009, 2012) was used to estimate
volumes, heights, areas, basal widths and slopes.

Nine samples of bombs, lava blocks and lava
flows (six from the Panqueque center and three
from Medialuna) were petrographically analyzed
under a polarizing microscope. The size, shape and
componentry of surface clasts from pyroclastic
deposits was determined with a caliper and a hand
lens. The abundance of the different surface clast
types was estimated by point counting on field
photographs.

Granulometric analysis was carried out on five
samples of pyroclastic deposits from different
horizons identified in the stratigraphic profiles; three
samples correspond to the Panqueque center and
two to the Medialuna center. Samples were sieved
with a sieve stack with mesh sizes ranging from 32
to 1/16 mm (-5¢ to 4¢). Grain size was classified
following White and Houghton (2006). Statistical
analysis of the granolumetric results was carried
out on Microsoft Excel; percentiles, mean, median,
sorting, skewness, and kurtosis were calculated.
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Size, roundness, vesicularity and componentry
of the -2 to -1¢ (4 to 2 mm), 0 to 1¢ (1 to 0.5 mm),
and 2 to 4o (0.25 to 0.0625 mm) fractions of the five
analyzed samples were estimated with a binocular
lens. Roundness was defined following the traditional
sedimentological classification proposed by Wadell
(1933), which classifies fragments as very angular,
angular, sub-angular, sub-rounded, rounded, and well
rounded. Vesicularity was classified as low (<40 vol.%),
moderate (40-60 vol.%), high (60-80 vol.%), and
very high (>80 vol.%). For the componentry analysis,
juvenile clasts, accidental lithic clasts, crystals and
aggregates were recognized. Juvenile clasts were
recognized as clasts of lava or scoria of mafic
composition. Accidental lithic clasts were sub-divided
into sedimentary (fragments of sedimentary rocks),
metamorphic (phyllites), plutonic (fragments of granite,
diorite or syenite rocks), and volcanic (fragments of
andesite, dacite or rhyolite rocks). Volcanic lithic
clasts and juvenile clasts were differentiated based
on their contrasting compositions (juveniles more
mafic, volcanic lithics more felsic). The abundance of
each component was estimated by particle counting
(200-300 particles per size fraction).

Morphological analysis of the pyroclastic material
was carried out with a scanning electron microscope
(SEM) at the Centro Integral de Microscopia
Electronica (Consejo Nacional de Investigaciones
Cientificas y Técnicas-Universidad Nacional de
Tucuman). The 2 to 4¢ (0.25 to 0.0625 mm) fractions,
corresponding to fine and very fine ash, of each of
the five samples were analyzed. Two parts from each
fraction were analyzed, one cleaned (with distilled
water) and one not.

4. Results
4.1. Panqueque mafic center

4.1.1. Stratigraphic units, morphology and
morphometry

The Panqueque mafic center is located on the
western margin of the Salar de Arizaro. Most of the
center is emplaced on top of the salar, while the western
part lays on top of an alluvial fan (Figs. 2 and 3).
The center has a circular to sub-circular geometry,
with a basal width of 1.9 to 2.2 km, covering an area
of ~3.0 km?(Fig. 3). It has a flat morphology, with a
height of ~60 m and a preserved volume 0f9.8-10" m?
(i.e., 0.098 km®).

The Panqueque center is formed by a lower
explosive unit and an upper effusive unit (Figs. 3
and 4A). The explosive unit consists of pyroclastic
deposits that stand on top of the salar and crop out
as a band or belt around the eastern part of the center
(Fig. 3). The effusive unit consists of lava flows that
radiate from a central emission point, located above
the salar margin, and cover the explosive deposits
and alluvial deposits to the west (Fig. 3).

4.1.2. Explosive unit: sub-units, componentry, and
granulometry

The explosive unit has an exposed area of
~0.7 km? and an estimated volume of 8.8-10° m?
(i.e., 0.0088 km®). These are minimum values as the
lava flows of the upper effusive unit partially cover
this unit. Two sub-units are identified, a main lower
sub-unit, that spans most of the unit, and a minor
upper sub-unit that consists of small low-sloping
cone-shaped landforms located on top of the lower
sub-unit (Figs. 3 and 4B).

The lower sub-unit crops out as a horseshoe-
shaped strip with a width that varies between 40
and 370 m and a height or thickness of up to 30 m.
It has a low topographic profile, with outer slopes
<13° (mean of 7°) (Fig. 4A, B). The surface of the
lower sub-unit is covered by lapilli- to block-sized
juvenile fragments (95%) and lapilli-sized accidental
fragments (5%). The juvenile fragments are mostly
massive, with low vesicularity. Accidental fragments
are sedimentary (chert), plutonic (syenites), volcanic
(rhyolites), and metamorphic (phyllites).

The lower sub-unit excavated profile (50 cm)
consists of an ochre-colored, palagonitized, massive,
moderately consolidated, matrix-supported lapilli
and ash facies (Facies 1) (Fig. 5A). It is formed
by juvenile and accidental clasts of up to 5 cm in a
fine ash matrix.

Three small, low-sloping cone-shaped landforms
emplaced on top of the lower sub-unit are grouped as
the upper sub-unit (Fig. 3). One of these landforms,
located in the southern part of the center and here
named Cone 1, was studied in the field (Figs. 3, 4B-C).
The other two landforms, named Cone 2 and Cone
3, were only identified with satellite images (Fig. 3).
Cone 1 is partially covered by a lava flow from the
effusive unit (Fig. 4B, C), has a base of ~200 m, a
height of ~30 m and a crater width of ~60 m. Its
external flank has slopes of up to 15° (mean of 9°).
Cone 1 is covered by mid to large bombs and lapilli-
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FIG. 4. A. Panoramic view of the Panqueque mafic center from the west, showing lava flows of the effusive unit covering pyroclastic
deposits of the explosive unit. B. View of the SSW part of the Panqueque center, showing lava flows from the effusive unit and
pyroclastic deposits from the lower and upper (Cone 1) sub-units of the explosive unit. C. Close-up of Cone 1; the northwest
flank of the cone is covered by a lava flow from the effusive unit.
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Facies 2a

FIG. 5. Panqueque center, explosive unit. A. Profile of the matrix-supported lapilli and ash facies (Facies 1) of the lower sub-unit of
the explosive unit. B. Profile of Cone 1 of the upper sub-unit, showing a lower clast-supported lapilli facies (Facies 2a) and
an upper massive lapilli-and-ash facies (Facies 2b). C-E. Mid- to large-sized bombs on the surface of Cone 1; (C) bomb with
prismatic jointing; (D) fractured bomb; (E) strongly fractured bomb with prismatic jointing.

to block-sized juvenile and accidental fragments. The
juvenile fragments (85 vol.%) are mostly massive,
with low to moderate vesicularity. The accidental
fragments (15 vol.%) are plutonic (syenites), volcanic
(porphyritic andesites and rhyolites), metamorphic
(phyllites), and sedimentary (banded and fibrous
chert-type travertines and cemented conglomerates),
with sub-rounded to angular shapes. The bombs
have sizes mostly between 0.5 and 2 m, some
have rounded outlines and are usually fractured
or show prismatic jointing (Fig. 5C-E). Under the
microscope, the bombs have inequigranular porphyritic
textures with olivine >> orthopyroxene phenocrysts
(5-10 vol.%) and quartz > feldspar xenocrysts
(< 1 vol.%), immersed in a microcrystalline light
brown groundmass of plagioclase, olivine, pyroxene,
and Fe-Ti oxide microlites and abundant vesicles.
The profile excavated in the Cone 1 deposit (42 cm)
consists of two facies separated by an erosive contact,
a lower clast-supported lapilli facies (Facies 2a), and
an upper massive lapilli and ash facies (Facies 2b)
(Fig. 5B). The gray-colored lower facies, >25 cm
thick (unexposed base), is composed of fine-to-mid

lapilli with 1 to 3 cm sized juvenile black clasts.
The beige-colored upper facies is 17 cm thick and is
composed of mid-coarse ash to mid-lapilli with 1.5
to 3 cm sized juvenile black and accidental clasts.

Table 1 and figure 6 show granulometric
distribution statistics and componentry of Facies 1
of the lower sub-unit and Facies 2a and 2b of the
upper sub-unit. Facies 1 is poorly sorted and has a
polymodal distribution, with a main mode in the fine
ash fraction and a secondary mode in the medium
lapilli fraction (Fig. 6A). Facies 2a is well sorted
and has a unimodal distribution with a mode in the
fine lapilli fraction and a very positive skewness
(Fig. 6B). Facies 2b is also well sorted and has a
symmetric unimodal distribution with a mode in
the coarse ash fraction (Fig. 6C).

In Facies 1, the fine lapilli fraction is formed by
95 vol.% of angular to sub-angular accidental lithics
(65 vol.% volcanic and 30 vol.% plutonic) and 5 vol.%
of sub-angular juveniles (black and red, moderately
to low vesicular fragments). The coarse ash fraction
is formed by 59 vol.% of sub-rounded accidental
lithics (43 vol.% volcanic and 16 vol.% plutonic),
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TABLE 1. GRANULOMETRIC AND COMPONENTRY PARAMETERS OF THE PYROCLASTIC DEPOSITS OF THE EXPLOSIVE UNITS OF THE PANQUEQUE

AND MEDIALUNA MAFIC CENTERS.

Componentry (%)

Granulometry (¢)

Coarse ash Fine-Very fine ash
Li Cx Ag Ju Li Cx Ag

Ju

Ag

Fine lapilli
Cx

Ju

Median Mean Sorting Skewness Kurtosis

Facies

Panqueque center

XX

XXX

30

59
13
15

95

0,66
0,97
0,74

-0,18
0,33
0,01

2,76
1,53
1,93

-0,10
-1,77
0,98

0,58

-1,91

Lower sub-unit - Facies 1

85
50

98
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30 vol.% of crystals of quartz, feldspar and amphibole,
9 vol.% of black sub-angular juvenile fragments,
and 2 vol.% of aggregates of lithic and juvenile
fragments cemented in a fine ash matrix. The fine to
very fine ash fraction consists of abundant plutonic
and volcanic accidental lithics, crystals (plagioclase,
olivine, quartz, and amphibole), and scarce black,
low vesicular juvenile fragments.

In Facies 2a, the fine lapilli fraction is formed
by 98 vol.% of juveniles and 2 vol.% of plutonic
and volcanic accidental lithics. The juvenile clasts
are black, low vesicular angular to sub-angular
fragments (90 vol.%) and black/red, moderately
vesicular sub-angular to sub-rounded fragments
(8 vol.%). The coarse ash fraction is formed by
juvenile clasts (85 vol.%; mostly black, low vesicular
angular to sub-angular fragments), plutonic, volcanic
and sedimentary accidental lithics (13 vol.%), and
quartz and feldspar crystals (2 vol.%). The fine to
very fine ash fraction consists of juvenile clasts
(mostly black, low vesicular angular to sub-angular
fragments), plutonic and volcanic accidental lithics,
and crystals (plagioclase and K-feldspar).

In Facies 2b, the fine lapilli fraction is formed
by 81 vol.% of juvenile clasts (black, low vesicular
angular to sub-angular fragments), 6 vol.% of plutonic
and volcanic accidental lithics, and 13 vol.% of
aggregates (juvenile clasts and accidental lithics
adhered to beige-colored ash). The coarse ash fraction
is formed by 50 vol.% of the same type of juveniles,
15 vol.% of plutonic and volcanic accidental lithics,
30 vol.% of aggregates, and 5 vol.% of quartz and
feldspar crystals. The fine to very fine ash fraction
is formed by abundant volcanic accidental lithics,
crystals (plagioclase, K-feldspar, olivine, quartz,
and amphibole), and scarce black, low vesicular
juvenile fragments.

Figure 7 shows SEM images of the fine to very
fine ash fractions. Clasts are mostly poorly vesiculated
and have blocky morphologies. They generally show
rugged and irregular surfaces, and sub-angular,
dented or concave-convex edges. Some clasts have
step-like surfaces and moss-like aggregates are also
found. Clasts are often covered by smaller particles
adhered to their surfaces.

4.1.3. Effusive unit: sub-units and componentry
Most of the Panqueque center consists of an
effusive unit formed by lava flows that radiate from a
central emission point (Fig. 3). Stratigraphic relations
and degree of alteration allow distinguishing two
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FIG. 6. Granulometric distribution histograms of Facies 1 (A) of the lower sub-unit, and Facies 2a (B) and 2b (C) of Cone 1 of the
upper sub-unit (explosive unit, Panqueque center). Colors in ¢ fractions [-2 -1], [0 1], [2 3], and [3 4] indicate componentry;
red: juveniles, green: lithics, blue: crystals, yellow: aggregates. Fractions without componentry analysis are displayed in gray.

sub-units, more degraded and reddish lower lavas,
and less altered and grayish upper lavas (Figs. 3,
4, and 8).

The lower lavas flowed in all directions from the
emission point, with a maximum travel distance of
~1.3 km eastwards (Fig. 3). The flows show thick
and well-defined pressure ridges or ogives (Fig. 3)
and have frontal thicknesses between ~10 and 40
m. The lavas are reddish and blocky, made up of
massive, fractured and weathered blocks (Fig. 8A).

The upper lavas flowed 600 m towards the
northwest, 750 m towards the southwest and 1 km
towards the east (Fig. 3). The two western lobes

have 30 to 40 m thick fronts. The flow surfaces
have pressure ridges and fractures sub-parallel to
the flow directions (Fig. 3). The lavas are mostly
blocky (Fig. 8B), although in some areas they are
more rugged, showing characteristics of ‘a‘a lava
flows, with breccias and clinkers.

Both the lower and upper lavas have inequigranular
porphyritic textures, with phenocrysts (5 to 10 vol.%) of
olivine and occasionally orthopyroxene and plagioclase.
Quartz xenocrysts (<1 vol.%) have reaction rims of
pyroxene and glass. The groundmass consists of
oriented plagioclase, olivine, pyroxene and Fe-Ti
oxide microlites, and light brown glass.
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FIG. 7. Representative SEM images of the fine to very fine ash fractions (cleaned) of Facies 1 (A), 2a (B), and 2b (C-D) of the explosive
unit of the Panqueque center. (A) Blocky clast with step-like surface and dented edges; (B-C) Blocky clasts with stepped
surfaces covered by adhered particles; (D) Sub-rounded moss-like clast.

FIG. 8. Panqueque center, effusive unit. A. Reddish lava outcrop from the lower lava sub-unit. B. Gray, blocky lava outcrop from the
upper lava sub-unit; note person for scale.

4.2. Medialuna mafic center

4.2.1. Stratigraphic units, morphology and
morphometry

The Medialuna center is located within the

Salar de Arizaro, 9 km south of the Panqueque

center and 5 km from the western margin of the

salar (Fig. 2). It has a crescent moon or horseshoe
plan shape, with an inner flank slopping eastward
and an external flank sloping westward (Fig. 9).
It has a north-south length of 390 m and a width
that varies between 70 and 110 m (Fig. 9). Its
height above the salar reaches a maximum of
~15 m at its southern tip (Fig. 10). It covers an



74

PHREATOMAGMATIC MAFIC MONOGENETIC VOLCANISM RELATED TO SALARS...

Sampling location

A Profile location |

Effusive unit
{>) Lava blocks

Explosive unit
External flank
Inner flank

® Bombs

T
o -67°57.40"

-67°57.20'

-24°47.20'
1

-24°47.30'
!

FIG. 9. Satellite image (from Google Earth) of the Medialuna mafic center with delineation of the explosive and effusive units; profile
and sample locations are also shown.

FIG. 10. Field photographs of the Medialuna mafic center. A. External flank slopping westward; note person for scale. B. Panoramic
view of the explosive unit, showing inner and external flanks, and location of blocks of the effusive unit.
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area of 0.04 km? and has an estimated preserved
volume of 1.6:10° m*® (i.e., 0.00016 km?). The
inner flank has mean slopes of 13° (measured in
the field) and between 7-16° measured with the
TanDEM-X DEM, whereas the external flank is
steeper, with field-measured mean slopes of 25°
and DEM-measured slopes of 9-19°.

The Medialuna center consists of a main explosive
unit and a minor effusive unit (Fig. 9). The explosive
unit is formed by pyroclastic deposits that make up
the whole crescent-shaped landform, whereas the
effusive unit consists of loose lava blocks east of
the inner flank, scattered on top of the salar (Fig. 9).

4.2.2. Explosive unit: componentry and granulometry

The surface of the explosive unit is covered by
small to large bombs and abundant lapilli-to-block-
sized juvenile fragments. Small to medium bombs
are also found west of the center, scattered on the
salar (Fig. 9). The bombs on top of the deposit usually
have aerodynamic and elongated shapes (Fig. 11A,
B). Most bombs are reddish and can be massive,
vesicular, or have vesiculated cores and massive
margins. Dark gray, massive to vesicular bombs are
less frequent. The larger bombs are usually strongly
fractured (Fig. 11C) or show prismatic jointing, whereas
some smaller bombs show breadcrust textures. The
bombs scattered on the salar are found up to 100 m
away from the external flank of the crescent-shaped
landform (Fig. 9). They are massive or vesicular,
black or reddish, with sizes between 15 and 60 cm,
and have fusiform or elongated shapes and angular
edges (Fig. 11D, E). On the surface of the deposit,
58 vol.% of juvenile fragments are lapilli-sized,
sub-angular to angular, and 42 vol.% are fine block-
sized, angular to very angular. The juvenile fragments
are vesicular (53 vol.%) or massive (47 vol.%). No
accidental fragments were found.

Under the microscope, massive bombs have
inequigranular porphyritic textures with phenocrysts
(10 vol.%) of olivine >> orthopyroxene and quartz
xenocrysts (<1 vol.%), immersed in a groundmass
of glass and plagioclase, pyroxene, and Fe-Ti oxide
microlites. Vesicular bombs have phenocrysts
(1-2 vol.%) of fractured and skeletal olivine
immersed in a groundmass of dark brown glass
and plagioclase, pyroxene and olivine microlites.

The excavated profile of the explosive unit
(54 cm) has three facies (Fig. 11F), a lower, clast-
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supported lapilli and bomb facies (Facies 3a), an
intermediate, clast-supported lapilli with intercalations
of laminated ash facies (Facies 3b), and an upper,
matrix-supported lapilli and bomb facies (Facies 3c).
Facies 3a has a minimum thickness of 12 cm
(unexposed base) and consists of coarse lapilli to
block-sized juvenile clasts (dense and vesiculated)
and aggregates (juvenile clasts adhered to gypsum and
ash) in a very coarse reddish ash matrix. Facies 3b
is 14 cm thick and consists of clast-supported fine-
to-coarse lapilli, where the clasts are dense and
vesiculated fragments. Part of this facies shows
diffuse lamination. Facies 3¢ has a thickness of up
to 28 cm. It contains lapilli to bomb-sized clasts
of dense and vesiculated fragments, in a medium
to coarse matrix.

Table 1 and figure 12 show granulometric
distribution statistics and componentry of Facies
3b and 3c of the Medialuna center (Facies 3a was
not analyzed). Facies 3b has poor sorting, very
negative skewness, a main mode in the fine ash
fraction and a minor secondary mode in the coarse
ash fraction (Fig. 12A). Facies 3¢ is poorly sorted
and has a polymodal distribution with negative
skewness, with a main mode in the very fine ash
fraction and a secondary mode in the coarse ash
fraction (Fig. 12B).

In Facies 3b, all analyzed fractions are 100 vol.%
composed of red or black, angular to sub-angular
juvenile fragments. Clasts with moderate to high
vesicularity predominate in the fine lapilli and
coarse ash fractions, whereas both vesicular and
massive clasts are found in the fine to very fine
ash fraction.

In Facies 3c, the fine lapilli fraction is formed
by 99 vol.% of juvenile clasts (81 vol.%: red or
black, angular to sub-angular, moderate to highly
vesicular; 18 vol.%: massive) and 1 vol.% of
white, possibly sedimentary, accidental lithics.
The coarse ash fraction is formed by 91 vol.% of
juvenile clasts (63 vol.%: red or black, angular to
sub-angular, moderate to highly vesicular; 28 vol.%:
massive), 2 vol.% of plutonic and metamorphic
accidental lithics, 4 vol.% of quartz crystals, and
3 vol.% of aggregates (juvenile clasts adhered to
ash). The fine to very fine ash fraction contains
juvenile clasts (red and black massive fragments)
and crystals (quartz olivine and amphibole) in
similar proportions.
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FIG. 11. A-C. Bombs on the surface of the explosive unit of the Medialuna mafic center: (A) Small folded and vesicular bomb with
banding; (B) mid-sized massive, elongated bomb; (C) large, strongly fractured massive bomb. D-E. Bombs on the salar, west
of the mafic center: (D) Fusiform vesicular bomb; (E) Massive angular bomb. F. Profile of the explosive unit showing three
facies: lower, clast-supported lapilli and bomb facies (Facies 3a), intermediate, clast-supported lapilli facies (Facies 3b), and
upper, matrix-supported lapilli and bomb facies (Facies 3c).
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Figure 13 shows SEM images of the fine to very
fine ash fraction. Clasts have blocky morphologies
with rough and irregular or step-like surfaces. They
are mostly massive, although some have moderate
vesicularity. Finer particles are often adhered to the
clast surfaces.

4.2.3. Effusive unit: componentry

The effusive unit is formed by lava blocks
scattered on the salar about 10 to 20 m east of
the inner margin of the crescent-shaped landform
(Figs. 9 and 10B). This unit may be partially covered
or buried by evaporite deposits, and we interpret it as
asmall lava flow or lava cap or plug at the emission
point. The lava blocks are black, dense and massive,
with angular edges and aphanitic textures. Under the
microscope, they have an inequigranular porphyritic
texture with phenocrysts (5 to 10 vol.%) of skeletal
olivine and clinopyroxene and quartz xenocrysts

(<1 vol.%) with reaction rims of pyroxene, immersed
in a hyalopilitic groundmass of glass and plagioclase,
pyroxene and Fe-Ti oxide microlites.

5. Discussions
5.1. Features indicative of phreatomagmatism

The explosive units of the Panqueque and
Medialuna centers have several features that
suggest the interaction of magma with water in
their formation. Although no feature is completely
diagnostic by itself, the joint presence of several
of them points towards phreatomagmatic activity
(White and Valentine, 2016; Németh and Kosik,
2020, and references therein): (1) the morphologies
and low slopes of the explosive unit landforms,
which allow to classify them as tuff rings (the lower
sub-unit of the Panqueque center and the explosive
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FIG. 13. Representative SEM images of the fine to very fine ash fractions (cleaned) of Facies 3b (A-B) and 3¢ (C-D) of the explosive
unit of the Medialuna center. (A) Blocky clast with low vesicularity; (B) Sub-rounded clast with moderate vesicularity; (C-D)
Massive clasts with step-like surfaces.

unit of the Medialuna center) and tuff cones (the
upper sub-unit of the Panqueque center); (2) the
abundance of lithic fragments in the Panqueque
explosive unit (particularly in the lower sub-unit),
although this is not the case for the Medialuna
center (see below); (3) the mostly low vesicularity
of clasts in the Panqueque explosive unit; (4) the
presence of particle aggregates cemented by salts
(especially in the Medialuna center); (5) the high
proportion of fine to very fine ash particles in the
lower sub-unit of the Panqueque center and in
the Medialuna center; (6) palagonitization in the
lower sub-unit of the Panqueque center; and (7)
the typically blocky, massive morphologies, often
with step-like surfaces and adhered particles, of the
fine to very fine ash particles of all the analyzed
facies. Overall, the sum of these features suggests
that phreatomagmatic activity was an important
process in the construction of both centers.

5.2. Transport and sedimentation mechanisms
associated with the pyroclastic deposits

Panqueque’s Facies 1 is a massive, poorly sorted,
matrix-supported lapilli and ash facies with a high
proportion of fine to very fine ash particles and abundant
accidental lithic fragments. This facies is interpreted
as the product of relatively energetic pyroclastic
density currents (PDCs). Panqueque’s Facies 2 has
a lower, well-sorted, clast-supported lapilli facies
(Facies 2a) and an upper, massive lapilli and ash facies
(Facies 2b). Facies 2a is interpreted as a ballistic fall
deposit generated by phreatomagmatic fragmentation,
based on its clast-supported fabric, good sorting, and
predominance of sub-angular, low vesicular clasts
(e.g., Graettinger and Valentine, 2017; Filipovich et
al., 2019; Valentine et al., 2022). Facies 2b may be
associated with the deposition of PDCs, based on its
massive character and high proportion of ash.
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In the Medialuna center, the lower Facies 3a is
clast-supported, unconsolidated, poorly sorted, and
contains abundant lapilli to bomb-sized juvenile
clasts. This facies is interpreted as the product of
relatively low-energy ballistic curtains of dense
tephra jets ejected laterally close to the emission
source (e.g., Graettinger et al., 2015; Agustin-
Flores et al., 2021). Facies 3b is lapilli-sized, clast-
supported and contains diffuse laminations, whereas
Facies 3c is matrix-supported, poorly sorted, with
predominant lapilli-sized juveniles and subordinate
bombs. Both facies are interpreted as the product of
PDCs, Facies 3b more diluted and Facies 3¢ more
concentrated, formed after the collapse of the dense
tephra jets (e.g., Graettinger et al., 2015; Graettinger
and Valentine, 2017).

5.3. Reconstruction of eruptive histories

Despite of the limited number and depth of the
studied profiles, it is possible to propose reconstructions
of the sequence of events that generated the Panqueque
and Medialuna mafic centers.

5.3.1. Eruptive history of the Panqueque mafic center

The Panqueque volcano formed at 0.22+0.07 Ma
(Schoenbohm and Carrapa, 2015) on the interdigitation
between an alluvial fan and the Salar de Arizaro
(Fig. 14A). The eruption started with the explosive
interaction between an ascending feeder dyke of
basaltic andesite composition and water-saturated
unconsolidated sediments of the alluvial fan and/or
the salar margin (Fig. 14B). Efficient fragmentation
excavated the substrate and generated relatively
high-energy PDCs (Fig. 14B), which resulted in
pyroclastic deposits that accumulated around the
eruptive vent(s), forming tuff ring(s) (the lower
sub-unit) composed of abundant juvenile ash and
accidental lithic fragments, and lower proportions
of lapilli-sized juveniles (Fig. 14C).

During a second pulse, a smaller magma batch
ascended to shallower levels and interacted less
efficiently with the available water, generating
lower-energy phreatomagmatic eruptions (Fig. 14D),
which formed small tuff cones (the upper sub-unit)
on top of the tuff ring(s) (Fig. 14E). During this
stage, irregular magma-water interactions and/or
variations in explosion depth produced different
pulses, reflected in coarser and finer-grained
facies (Facies 2a and 2b, respectively) (Fig. 14F).
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The emplacement mechanisms of the tuff cones were
ballistic fall of lapilli-sized fragments (Facies 2a) and
PDC:s that deposited massive ash layers (Facies 2b).
The abundance of bombs in proximal areas indicates
Strombolian-type ballistic emplacement during a
final stage of cone construction (Fig. 14F), possibly
associated with a depletion of the water supply due
to an insufficient groundwater flow gradient (e.g.,
Kshirsagar et al., 2016).

After the explosive activity, a voluminous, purely
magmatic effusive phase was established, possibly
related to an increase in the magma flux. This effusive
phase consisted of the emission of two lava flow
pulses from a common source. In the first pulse,
the lavas flowed in all directions, partially covering
the explosive unit (Fig. 14G). In the second pulse,
the lavas flowed towards the east, northwest and
southwest, over the lavas of the first pulse and over
the alluvial fan deposits (Fig. 14H).

5.3.2. Eruptive history of the Medialuna mafic center

The Medialuna center formed within the Salar de
Arizaro, on a thick evaporitic sequence dominated by
halite (Fig. 15A). An ascending feeder dyke reached
a shallow level where it interacted with evaporitic
layers saturated in water/brine and/or surface water,
generating relatively low-energy phreatomagmatic
eruptions whose products varied between laterally
ejected ballistic curtains of dense tephra jets
(Facies 3a) and PDCs (Facies 3b and 3c) (Fig. 15A).
The strong asymmetry of the resulting crescent-
shaped tuff ring (Fig. 15B) may have been caused by
an inclined feeder dyke (the dyke possibly changed
its trajectory due to a decrease in host-rock stiffness
at the base of, or within, the salar) that favored a
directed eruption (e.g., Geshi and Neri, 2014; Bemis
and Ferencz, 2017), i.e., an eruption with a lateral
component towards the west. Preferential wind
direction may have also played a role (e.g., Bertin,
2017), although it is unlikely that such an asymmetric
landform could be due to horizontal winds only. The
absence of lithics in the tuff ring deposits may be
related to a shallow fragmentation level and to the
evaporitic environment, in which the mechanically
weak and friable evaporites disintegrated or were
pulverized into fine to very fine ash particles. Also,
some of the evaporites may have melted, given
their low melting temperate (approximately 800 °C
for halite, considerably lower for hydrated phases
such as gypsum or carnallite; e.g., Warren, 2006;
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FIG. 14. Reconstruction of the eruptive history of the Panqueque mafic center (not to scale). A. Interdigitation between an alluvial

fan and the Salar de Arizaro; conceptual model modified from Garcia et al. (2016). B. Initial phreatomagmatic activity with
vent opening/excavation and generation of PDCs. C. Formation of a complex tuff ring or rings. D. Second phreatomagmatic
pulse generating pyroclastic fall and PDCs. E. Formation of tuff cones on top of the tuff ring(s). F. Strombolian activity
with emplacement of bombs and pyroclastic fragments on the cones. G. First effusive pulse forming the lower lava flows.

H. Second effusive pulse forming the upper lava flows.

Schofield et al., 2014). Larger bombs were ejected at
the end of the construction of the tuff ring, suggesting
a shift toward Strombolian activity possibly marking
a depletion in the water supply (Fig. 15C). The end
of the eruption consisted in a minor effusive phase,
with the emplacement of a small lava flow or cap
in the vent area of the tuff ring (Fig. 15D).

5.4. Comparison between the two studied centers

The Panqueque and Medialuna centers share
similarities but also show strong differences that
can be related to different magma input/flux and
their different positions with respect to the salar.
Both centers show a similar sequence of initial
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FIG. 15. Reconstruction of the eruptive history of the Medialuna mafic center (not to scale). The stratigraphic profile is inferred based
on data from exploration drilling carried out in the Salar de Arizaro (Rosko, 2022). A. Phreatomagmatic activity caused
by the interaction between an ascending magma dyke and evaporitic layers saturated in water/brine and/or surface water.
B. Formation of an asymmetric tuff ring west of the conduit. C. Emplacement of large bombs and pyroclasts (Strombolian
activity). D. Emplacement of a small lava cap in the vent area of the tuff ring.

phreatomagmatic activity followed by a magmatic hand, the location of the Medialuna center within
explosive phase (Strombolian) and culminating with the salar suggests a more homogeneous stratigraphic
effusive activity. This sequence has been documented column of mostly evaporitic sediments with abundant
at many mafic monogenetic centers worldwide and more uniformly distributed water. The greater
(e.g., Kshirsagar et al., 2016; Pedrazzi et al., 2022). abundance in water, coupled with a low magma flux,
However, the volume and proportions of the different possibly led to lower fragmentation/explosivity and
phases vary between the two centers. The overall lower-energy eruptions at Medialuna.
volume of the Panqueque center is almost three orders The lower explosive sub-unit of the Panqueque
of magnitude greater than the Medialuna center. center has a great abundance and variety of accidental
Also, in the Panqueque center the effusive phase is lithic clasts, suggesting that the phreatomagmatic
volumetrically dominant, whereas in the Medialuna explosions excavated and incorporated host rock
center the effusive phase is negligible. Magma input material, either directly from the alluvial fan and/or
at Panqueque was much greater, possibly with a high from greater depths. The upper explosive sub-unit
enough flux to dry out the water supply and produce contains less accidental lithics than the lower sub-unit,
a significant effusive phase. suggesting that the explosions were shallower and/
The location of the Panqueque center on the or that the magma ascended through an established
edge of the salar and on an alluvial fan suggests conduit. In strong contrast, the Medialuna center lacks
an interdigitation at depth between clastic and accidental lithic clasts. It is made up of juvenile clasts
evaporitic sediments, where water may be distributed and has a high proportion of fine particles (fine to very
heterogeneously due to the alternation of sedimentary fine ash fraction); it also commonly has aggregates

layers with different physical properties. On the other cemented by gypsum/salts. We suggest that in the
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Medialuna center the magma-water interaction occurred
exclusively within an evaporitic environment that
lacked accidental lithic clasts (consistent with the
top ~300 m thick halite layer documented by Rosko,
2022), producing the pulverization/disintegration
of the mechanically weak and friable evaporite
sediments, which comprise the fine to very fine ash
fraction observed in the deposits. This may be akin to
phreatomagmatic activity related to unconsolidated
coastal plain sediments described by Agustin-Flores
et al. (2014), where the accidental material was
essentially found as an ash-sized matrix. Finally,
the aggregates observed at Medialuna may be the
result of precipitation of the disintegrated evaporites.
All these features may be diagnostic of salar-hosted
phreatomagmatism elsewhere.

6. Conclusions

The two studied centers are cases of mafic
monogenetic volcanism that interacted with a salar,
one at its margin (Panqueque center) and the other
within it (Medialuna center). Both centers show a
similar progression of explosive phreatomagmatic
to explosive magmatic (Strombolian) to effusive
activity, although the volumetric output of each phase
and the resulting landforms varied in each center.
In the Panqueque center, a relatively large magma
input through the transitional zone between the salar
and an alluvial fan, characterized by interdigitation
of clastic and evaporitic deposits and variable water
contents, generated two stages of phreatomagmatic
activity, producing first a tuff ring or rings and
then tuff cones that were capped by Strombolian
activity. The final activity consisted of the effusion
of volumetrically dominant lava flows, suggesting
that magma input was large and/or fast enough to
deplete the water supply. In contrast, the Medialuna
center was formed by a much smaller magma batch
that ascended through a mostly homogeneous
water-saturated halite-rich core. The magma batch,
although small, possibly ascended at a fast rate so
as to reach the near-surface, where it interacted with
the evaporitic sediments to produce phreatomagmatic
activity and a small asymmetric tuff ring.

The pyroclastic deposits of the Panqueque center
do not have any particular feature that points to the
salar environment, possibly because they formed
at the salar margin where clastic sediments are
abundant. On the other hand, the Medialuna deposits

do show a few features, namely the lack of lithics,
the possible total disintegration of the mechanically
weak and friable evaporites into fine to very fine ash
particles, and the presence of aggregates cemented by
gypsum/salts, that may be diagnostic of salar-related
phreatomagmatic activity elsewhere.
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