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ABSTRACT

The Lautaro volcano is the northernmost and highest voleanic center of the Austral Volcanic
Zone (AVZ) of the Andes. It is in the northwestern part.of the plateau of the Southern
Patagonian Ice Field along the northern continuity of the Pio XI' chain. The volcano is almost
entirely ice-covered, nourishes numerous large outlet glaciers, and has been the object of
only very limited field-based geological studies. The volcano is a key location within the
Southern Patagonian Ice Field‘due to its potential influence on the advancement trend cycles
of the Pio XI glacier. The present contribution uses the Red Relief Image Map technique to
identify volcanic landforms and structures in a glacial context, providing the first quantitative
morphologicalassessment of the Lautaro volcano. The results show plateau-like lava flows
at the base of the volcano, possibly concentrically emplaced from a single emission center
during the first stages of volcano construction. Subsequent stages comprise two main edifices
formed by overlapped lavas and coulées on top, with multiple emission centers aligned along
a NE-SW volcanic lineament. The early evolution of the volcano seems to have been

influenced by the regional paleotopography. The approximate pre-eruptive surface is
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relatively flat, with a depression in the northern and eastern sectors of the volcano and a
positive relief towards the southern and western parts. Furthermore, a review of the historical
activity and tephra records from lakes in Argentina was performed to reassess the eruptive
activity of Lautaro. This review reveals a cycle of intermittent historical volcanic activity,
with at least three major eruptions during the 1870s and 1880s, and classifies Lautaro as the
most active volcanic center in the AVZ, at least since the late 19" céntury. These antecedents
advance our knowledge about the interactions between volcanoes and glaciers m southern

Patagonia, providing new perspectives on the evolutionf this remote, ice-capped volcano.

Keywords: Red Relief Image Map, Pio XI glacier, Southern Patagonian Ice Field, Lautaro
volcano

Analisis morfologico del volcan Lautaro, Zona Volcanica Austral de los Andes:
Perspectivas sobre la evolucion de un volean activo envel Campo de Hielo Patagonico
Sur. El volcan Lautaro.es el centro volcanico mas septentrional y de mayor altitud de la Zona
Volcénica Austral (ZVA) de los Andes. Se ubica en la parte noroccidental de la meseta del
Campo de Hielo Patagoénico Sur, a lo largo de la continuidad septentrional de la cadena Pio
XI. El volcan se encuentra casi completamente cubierto de hielo, alimenta numerosos
glaciares efluentes, y ha sido objeto de escasos y limitados estudios geoldgicos de campo. El
volean Lautaro representa un caso Unico dentro del Campo de Hielo Patagonico Sur debido
a su posible influencia en los ciclos de avance del glaciar Pio XI. El presente estudio aplica
la técnica de Mapa de Relieve en Escala de Rojos (Red Relief Image Map) para identificar
estructuras y geoformas volcanicas en un contexto glaciar, y proporciona el primer analisis
cuantitativo sobre la geomorfologia del volcan Lautaro. Se reconocieron flujos de lava con

morfologias de tipo meseta en la base del volcan, posiblemente emplazados de manera



concéntrica desde un Unico centro de emision. Por el contrario, la ultima etapa comprende
dos edificios volcénicos principales formados por superposicion de lavas y coulées emitidos
desde multiples centros de emision alineados a lo largo de un lineamiento volcanico de
orientacion NE-SO. La evolucién temprana del volcan habria estado /fuertemente
influenciada por la paleotopografia regional, con una superficie relativamente plana y
deprimida en las porciones norte y este del volcan, y una superficie'alzada hacia los sectores
sur y oeste. Se incluye, también, una revision detallada de la lactividad historica y.de los
registros lacustres de tefra en Argentina con el objetivo.de actualizar la actividad eruptiva de
este volcan. Los registros histdricos revelan un cielo de actividad volcanica intermitente con
al menos tres erupciones importantes durante las décadas de 1870 y 4880, por lo que el
Lautaro corresponderia el centro volcanico mas activo en laZVA,al menos desde finales del
siglo XIX. Estos antecedentes amplian el conocimiento acerca de las interacciones entre
volcanes y glaciares en la zona sur de la Patagonia, y proporcionan nuevas perspectivas sobre

la evolucion de este rémoto volean.

Palabras clave: Glaciar Pio XI, Mapa de Relieve en Escala de Rojos, Campo de Hielo
Patagonico Sur, Volcan Lautaro

1. Introduction

The Austral Volcanic Zone of the Andes (AVZ; Fig. 1A) hosts several remote and poorly
studied volcanic centers, many of which are located within the Southern Patagonian Ice Field
(SPI; Stern and Kilian, 1996) (Fig. 1B). Geological and tephrochronological antecedents
suggest that some AVZ volcanoes have produced large explosive eruptions during the
Holocene (Motoki et al., 2006; Stern, 2007; Fontijn et al., 2010; Wastegard et al., 2013; Smith

et al., 2019), and highlight the need to constrain their eruptive history, morphological



evolution, and potential geohazards. The identification of volcanic landforms in glacial,
remote environments is, however, quite challenging: the presence of snow and ice sheets
masks the contact between volcanic structures and the surrounding area, while deposits
derived from glacial erosion, such as moraines, till, or outwash deposits, result in a general
smoothing of the morphological differences. Lautaro volcano, situated near the north-center
of the SPI at ~49° S and ~73.5° W (Fig. 1B), exemplifies such challenges well. The voleano
is almost entirely ice-covered (Fig. 1C), and any field-based geological study is limited by
harsh climate conditions, logistical constraints, and hazardous terrain. Despite reports of
historical volcanic activity (e.g., Motoki et al., 2006; Martinig; 2008; Petit-Breuilh, 2022),
available data are scarce, uncertain, and lack systematic analyses. Lautaro also represents an
unusual case within the SPI due to its‘potential influence on the almost permanent state of
advance of the Pio XI glacier (Fig. 1C), the largest tidewater glacier in the SPI (Warren et al.
1997; Rivera, 2018). Previous studies have speculated that geothermal or volcanic activity
may partially control‘the glacier’s advance and retreat cycles (Wilson et al., 2016; Rivera,

2018).

The Red Relief Image Maps(RRIMs; Chiba et al., 2008) are Digital Elevation Model (DEM)
derived images, which allow the identification of volcanic landforms and structures based on
the terrain slope and openness (Chiba et al., 2008; Karatson et al., 2016; Favalli and
Fornaciai, 2017; Ulusoy et al., 2021; Sepulveda et al., 2026). Previous studies have shown
the applicability of RRIMs to identify and map volcanic structures in desert contexts (Ulusoy
et.al., 2021; Sepulveda et al., 2025) and in pervasive vegetated areas (Benvenuti et al., 2014;
Septilveda et al., 2026), yet its applicability in glaciated environments has not been

introduced to date. This study therefore provides the first quantitative morphological



assessment and geomorphological map of Lautaro volcano by applying the RRIM technique,
to investigate the effect of the pre-eruptive topography on the volcano’s evolution. To
complement these findings, a review of the historical activity of Lautaro, which_includes

tephra records from lakes in Argentina, is presented to reassess its eruptive activity

2. Geological setting of the AVZ

The AVZ is the southernmost volcanically active segment of the Andes (Fig. 1A), occurting
between latitudes 49° S and 55° S (Stern et al., 1976, 2007; Stern, 2004)«1t results from the
subduction of the oceanic lithosphere of the Antarctic plate below the continental lithosphere
of the South American plate at a velocity of 2-3 em/yr (Stern, 2007). The northern boundary
of the AVZ corresponds to the eastern projection of the Chile Ridgeswhich separates the
Nazca plate from the Antarctic plate/(Stern, 2004; Stern et al.,2007). At the Chile Triple
Junction (~46° S), which is where the Chile Ridge meets the South American continent,
young (<6 Ma) oceanic lithesphere is being subducted, producing the Patagonian gap, a ~350
km-long zone without active voleanism at the active margin (Kilian, 1990; Stern et al., 2007).
The age of the Antarctic plateat the trench changes from 12 Ma in the northern sector of the
AVZ to 24 Ma in the south, without a Benioff zone of seismic activity (Ramos et al., 1982;
Stern and\Kilian, 1996; Stern, 2004; Stern et al., 2007). The crustal thickness below the AVZ
is <35 km, with a pre-Andean basement comprising late Paleozoic to early Mesozoic

sedimentary and metamorphic rocks (Stern, 2004).

The AVZ comprises four stratovolcanoes and a dome complex (Puig et al., 1984; Stern, 2004)
(Fig. 1B). The northernmost Lautaro and Aguilera volcanoes occur within the SPI and have
similar chemical compositions (Stern et al., 1984; Stern and Kilian, 1996; Stern, 2004), while

the Reclus, Monte Burney, and Cook Island volcanoes form the southern portion of the AVZ.



About 45 km SE of Lautaro, a topographic high named Viedma was considered an active
volcano for decades due to its air-view morphology (Lliboutry, 1956, 1998; Kilian, 1990;
Gonzélez-Ferran, 1995; Kobayashi et al., 2010) and loose tephra clasts sampled overthe SPI
in its surroundings (Kilian, 1990). However, field surveys later determined a non-volcanic
nature for Viedma, with outcrops composed of very-low grade metamorphic rocks (Shipton,

1963; Blampied et al., 2012; Sudarez et al., 2019).
2.1 Southern Patagonian Ice Field

The SPI stretches for ~350 km, covering ~13,000 kmi® between latitudes 48°20' Stand 51°30'
S (Millan et al., 2019; Bravo et al., 2021). The‘ice surface has a mean elevation of 1,500 to
2,000 m a.s.l. and is punctuated by numerous, nunataks, with Lautaro volcano forming the
highest peak in the region (Warrefi and Sugden, 1993). In the SPI, most of the ice flow
distributions are strongly controlled by tepography (Millan et al., 2019). By combining
airborne gravity with radar data, Millan et.al. (2019) mapped the bedrock elevation and the
ice thickness in the SPI, identifying deep glacialvalleys with thicknesses exceeding 1,400 m
and sectors with bedrock below sea level. Southwest of Lautaro, the Pio XI glacier forms the
largest, glacial basin of the SPI. Here, the glacier presents a thickness >1,300 m with a
relatively flat bedrock and sectors 200 m below sea level (Millan et al., 2019). The glacier
terminates at twonfronts: the northern front calves into Greve lake, and the southern front
reaches the ocean at Eyre fjord. Unlike other glaciers in the SPI, Pio XI has been advancing
and thickening over the last several decades (Sakakibara and Sugiyama, 2014; Rivera, 2018;

Minowa et al., 2019).

2.2 Geology of the Lautaro volcano



The Lautaro volcano (3,607 m a.s.l.) is the northernmost and highest volcanic center of the
AVZ. 1t is located along the northern continuity of the Pio XI chain, a ~20 km long NE-SW
chain comprised of metamorphic rocks, and feeds numerous large outlet glaciers (Figs: 1C
and 2), most of which terminate at calving cliffs in the Chilean fjords or in the big Argentine
lakes. The bedrock geology is poorly constrained due to the presence of the SPI, with the
basement only well-exposed along the lateral walls of the fjords in the western flank of the
volcano. The bedrock comprises low-grade pelitic metamorphic rocks intruded by
hornblende-biotite granites (Motoki et al., 2006). The géology and structures of the volcano
are restricted to general sketches based on aerial photographs (Gorzalez-Ferran, 1995;
Orihashi et al., 2004). Petrochemical data are scarce and poorly definéd; typically, major
elements have been defined and contrasts with other centers from the AVZ provided (Futa
and Stern, 1988; Stern and Kilian, 1996; Stern et al., 2007)."Samples from the volcano are
restricted to reworked material obtained from terminal moraines from the HPS9 glacier, ~17
km west of the volcano (Orihashi et al., 2004; Motoki et al., 2003, 2006) (Fig. 1C), and from
tephra layers sampled from lakes in Argentina and loose ash/pumice collected from Viedma
and O’Higgins glaciers (del Valle et al., 1995; Motoki et al., 2006; Villegas et al., 2009;
Kastneryet al., 2010; Wastegdrd et al., 2013; Mayr et al., 2019; Smith et al., 2019;

Charquefio=Celis et al., 2024).

Due to its remoteness and inaccessibility, radiometric data from Lautaro are restricted to nine
whole-rock, unspiked K-Ar ages from reworked material incorporated in a terminal moraine
from the HPS9 glacier (Orihashi et al., 2004). Three of these samples presented large

analytical errors and did not yield reliable ages, whereas the remaining six ages were grouped



into two clusters: 168-161 ka and 114-97 ka. That is, activity at Lautaro would have begun

at around 170 ka, at least (Orihashi et al., 2004).

In terms of explosive activity, Smith et al. (2019) identified one tephra layer around Laguna
Potrok Aike, 400 km to the SE, likely sourced from the Lautaro volcano. The geochemistry
of this material was provided by Mayr et al. (2019), and an age of ca. 43.4 cal ka BP'estimated
by Gebhardt and Ohlendorf (2019). In this sector, two other tephra layers present
geochemical affinities to Lautaro but are petrographically distinct;, so.n0 correlations were
suggested (Smith et al., 2019). Closer to the volcanos at around 50 km east, fourhistorical
(>1850 AD) tephra layers from the Laguna Gemelas Este’ and Laguna Verde areas in
Argentina were tentatively assigned to Lautaro by Mayrét al. (2019) based on '*’Cs and 2!°Pb
dating. Finally, tephra layers reported in the Laguna del Desiertodarea, ~45 km E of Lautaro,

were assigned to the 1959-60 efuptive cycle by Kastaer et al. (2010).

3. Methodology
3.1 Red Relief Image Map
The Red Relief Image Map (RRIM; Chiba et al., 2008) is a non-directional and multi-layered

single image that improvesithe topography visualization by combining the slope and the
topographic openness. Here, the RRIM was analyzed based on an Advanced Land Observing
Satellite Phased Array L-band Synthetic Aperture Radar (ALOS PALSAR) DEM of 12.5 m

pixel resolution from the Alaska Satellite Facility's Radiometric Terrain Correction Project.

Topographic openness is an angular measure of the relation between surface relief and
horizontal distance calculated from the average of multiple zenith or nadir angles for eight
compass directions (Yokoyama et al., 2002). A positive openness (¢pz) expresses openness

above the surface, highlighting convex, positive relief landforms (e.g., emission centers,



crests, ridges), while a negative openness (Wg) describes this attribute below the surface,
highlighting concave, depressed landforms (e.g., valleys, gorges, craters). Topographic
openness is inherently scale-dependent as it is a function of the shape and radius of the
selected neighborhoods (Yokoyama et al., 2002; Favalli and Fornaciai, 2017; Sepulveda et

al., 2026). The differential openness (¢) is a function of ¢ and Wr:

¢r—¥r
p = te ()

The ¢ parameter is positive when the surface, at the seleeted search radius (R), is upwardly
convex and negative when the surface is upwardly.€oncave (Chiba et al42008;Favalli and
Fornaciai, 2017). For the Lautaro volcano, a 1,000, m radius search was tested to identify

major landscape units while avoiding baekground noise (Sepulvedaét al., 2026).

Slope is visualized in a red shading by using the Hue-Saturation-Value color fusion technique
(Favalli and Fornaciai, 2017; Hema anddKannan, 2019), rendered with a continuous color
ramp and providingfa smooth visual transition across the slope range. Similarly, the
differential openness.is displayed with a greyseale ramp, so when combined with the slope it
covers the black-red-white color range. Morphological characteristics were highlighted in ¢
by applying a mean + standard deviation (o) filter to enhance image contrast. Following
Favalli and Fernaciai (2017), a 2.50 stretching equalization filter was applied to ¢ since it

maintains a suitable compromise between the image display and the shape of the histogram.

The RRIM results are shown in figure 2. Top ridges are displayed as white, bottom valleys
as black, steep slopes as bright red, and flat surfaces as gray (Chiba et al., 2008; Ulusoy et
al.,;2021; Sepulveda et al., 2025, 2026). Similarly, emission centers are enhanced as rounded

to convex reliefs, typically surrounded by flat or incised areas, or flat-topped (<5°) areas



flanked by steep slopes identifiable as punctual to rounded bright-white zones (Septlveda et
al., 2025, 2026). The volcano boundary was defined assuming that volcanic edifices are
bounded by concave breaks in slope (Euillades et al., 2013; van Wees et al., 2024; Septilveda
et al., 2025). For this, the volcano boundary was manually delineated based on the RRIM,
with a slope threshold of 3° applied as a maximum guiding criterion (van Wees et al.; 2024).
This threshold provides an approximation of the transition fromfvolcanic deposits to,the

surrounding ring plain.

3.2 Pre-eruptive surface modeling

The pre-volcano topography was modeled from<a series of points in a grid containing the
volcano. Once the boundary of the volcano was defined; a 5 m square‘mesh was generated
containing the volcano and comprising 15,499,088 points. The ALOS PALSAR DEM was
resampled to 5 m pixel/resolution, assigning UTM coordinates and height values to each
point of the mesh and removing from the‘'mesh all points located within the volcano boundary
(Kereszturi et al., 2016; Sepulveda et al., 2023). Later, the height data were interpolated to a
first-order surface (i.e., planar) by using a Triangular Irregular Network (TIN) and applying
the Delaunay criteria to-maximize each triangle's minimum angle (Sepulveda et al., 2023).
Due to the continuous surface of the SPI, the surrounding topography was assumed to
represent the buried pre-eruption landscape, with major topographic breaks only occurring at
the southern and western boundaries of the volcano. Finally, the pre-Lautaro topography was
generated by rasterizing the TIN surface. A thickness map for the volcano was generated by
subtracting the height data of the modeled pre-eruptive surface from the current topography
on a cell-by-cell basis, with the eruptive volume calculated as the 3D space enclosed by the

pre-eruptive surface and the current topography (Sepulveda et al., 2023, 2025). In case of



returned negative thicknesses due to underestimations in the true pre-eruption topography,

they were reassigned to zero.

4. Results

4.1 Volcanic edifice delimitation

The RRIM shows clear morphological and textural differences between.velcanic terrains and
the surrounding SPI and the Pio XI chain (Fig. 2). Lautaro has steep edges in its upper patt,
shown in the RRIM as bright red, while the upper surfaces, flow,advancement lobes and
central channels of lava flows are displayed as continuous white surfaces. At its' base, the
volcano presents rough, heterogeneously colored (black to white) surfaces, probably related
to highly eroded lavas or moraines/glacial deposits, and diffuse white‘zones at the fronts of
possible lava flows. Conversely, thesurrounding SPI has a smooth surface without important
relief variations, shown in the RRIM as a continuous-and homogeneous gray surface. These
morphologies also strongly contrast with the Pio XI chain south of Lautaro. In this sector, the
RRIM highlights the chain as a positive relief with continuous and white convex linear crests
in its axial part. These ereststypically present a polygonal shape and are flanked by red, steep
slopes and a grey, smooth and homogeneous relief downslope. Contrary to volcanic terrains,
the Pio XI chain and its surroundings do not present features indicative of lava lobes or other

volcanic landforms.

4.2 The paleotopography of the Lautaro volcano

The modeling of the pre-eruptive surface indicates a strong control of the paleotopography
on the emplacement of Lautaro’s basal products. The northern and eastern sectors of the
edifice were underlain by a relatively flat, depressed surface, whereas the southern and

western sectors rested on a topographically higher ground (Figs. 3 and 4A). The transition



between the northeastern planar surface and the southwestern upraised structure seems to
occur around the area of the current summit of Lautaro (Figs. 3 and 4B). This upraised
structure could either be the northern projection of the Pio XI chain or part«of the
metamorphic basement that outcrops west of the volcano (Figs. 3 and 4). This
paleotopography is consistent with the irregular and unequal altimetric distribution of the
Lautaro lavas (Fig. 3). In the northern half of the volcano, lava flows typically descend to
altitudes between 1,400 and 1,500 m a.s.l., in correspondence with the topography of the SPI.
Conversely, in the southern half of the volcano, the contacts with the substrate typically occur
at altitudes above 1,700 m a.s.l., with lavas even emplaced aboye the Pio XI chain over 2,000
m a.s.l. This asymmetry in the Lautaro lavas also agrees with the gentletislopes towards the

northern flank of the volcano and steep-walled lava flows to the south (Figs. 3 and 4B).

4.3 Emission centers of the Lautaro volcano

In the Lautaro volcano,several emission centers were identified through the RRIM, with two
main edifices (northern and southern) separated by a high pass (Figs. 2 to 4). The southern
edifice comprises thick lavas emitted towards the eastern and southern flanks, whereas the
northern edifice is the curreént, active summit of Lautaro, formed by overlapped lavas
emplaced concentrically from the emission center (Fig 5). Fumarolic activity is present

around Lautaro’s active summit (Motoki et al., 2006).

From the northern, active edifice to the northeast, there are at least five NE-SW oriented
emission ecenters (Fig. 2). Two kilometers from the main edifice there is a pyramid-shaped
center (Mimosa) from which a lava flow was emitted to the east to a maximum distance of
5.8 km (Fig. 2). Fumarolic activity was reported at Mimosa in 1973 by a group of

mountaineers (Lliboutry, 1998). Based on the lava morphologies and emplacement directions



interpreted from the RRIM, Mimosa would be older than the northern edifice, as a lava flow

from the latter seems to have been diverted to the northwest by the former (Fig. 5A).

From Mimosa, two kilometers to the northeast, lies Pangrec, a small pyramidal center with
short, concentric lobes with steep slopes (Figs. 2 and 5B). From Pangrec to the northeast, an
~850 m long coulée is observed, whereas to the north there are remnants of a small'and older
caldera rim (Gorra Blanca; Lliboutry, 1998) (Fig. 5B). This caldera is open to the east and
elliptical in plain view, with a NE-SW elongation and a maximum radius of ~2 km. It has
steeper outer flanks, with thicknesses of up to 200 msshowing eroded spine-like structures.

As it is cut by the Pangrec lavas, Gorra Blanca would be older (Fig. 5B).

Finally, a small and isolated parasitic center. ~6 km WNW from.the northern edifice is
observed (Figs. 2 and 5C). This(lateral center occurs north of the HPS9 glacier and
corresponds to an ~250 m thick lava-dome that grew radially around the vent, from which an

~80 m thick and ~1,9 km long lava flow was emitted to the northwest (Fig. 5C).

4.4 RRIM-identified lava flow units of the Lautaro volcano

The remote reconnaissance of the Lautaro volcano allows the identification of different lava
flows based on their topographic positions, structures, and surficial textures. By analyzing

the RRIM, these lava flows can be grouped into four main morphological units (Fig. 6).

The topographically lower identified unit (Lautaro I) corresponds to highly eroded lava flows
at the base of the volcano that mainly outcrop towards the eastern and northern flanks. The
lavas of this unit show smooth to planar surfaces without preserved structures, being only
recognized based on convexities of the terrain and slope breaks (Figs. 2 and 6). They are

covered by the glacial ice sheet and are apparently eroded and covered by glacial deposits.



Two lava flows present maximum runouts of ~5 km from the current summit and maximum

thicknesses of ~100 m.

The Lautaro II unit lies topographically above the Lautaro I lavas. This unit comprises
overlapped lava flows emplaced radially around the two main edifices. These lavas are highly
eroded by glacial activity, typically presenting carved U-shaped incisions (Figs. 2,4, and 6).
In the northern flank of Lautaro, they exhibit plateau-like morphologies with well-presetved;
smoothed flow fronts, forming a stepped relief consisting of a series_of overlapping plains
separated by breaks in the slope. On the other hand, in the southern flank they present steep
slopes and rough surfaces. Although there is no.¢lear topographical relationship between the
Lautaro II lavas and the small lateral center to the northwest (Lautaro 4II), a younger age for

the lateral center is suggested based.on 1ts relatively better-preserved morphology.

The Lautaro I'V unit covers Lautaro Il and the caldera rimof Gorra Blanca. This unit consists
of lava flows and coulées emplaced from multiple peaks (Figs. 2 and 6). To the north, this
unit comprises thé centers formed along the NE-SW lineament, from which overlapping,
steep, and short runout layas were emitted. Arcuate ridges displayed concentrically to their
respective emission points-are.also observed (Fig. SA). To the south, the lavas were possibly
emitted from a unique emission point (Fig. 6). They are long and narrow and present steep
edges, lateral lobes, and subrounded toes. In their medial portions they are flat-topped and
show well-preserved transverse to flow arcuate ridges in their proximal and distal parts, in
concordance with the steeper slopes. From this unique southern vent, the lavas flowed into
three main branches (Fig. 6): (1) to the east, where they feature overlapping toes in their
fronts, (2) a short and unique ~2.5 km-long flow to the southeast, and (3) an ~11 km-long

lava towards the south, which diverted into two main lobes at ~4 km from the vent.



4.5 RRIM-identified glacial landforms in the Lautaro volcano area

In the Lautaro volcano area, a number of erosive and accumulative landforms of glacial origin
can be identified from the RRIM. In this map, escarpments are highlighted as continuous,
linear to curved red structures related to steep-side zones (>40°), typically within the edges
of topographically higher lava flows (Figs. 2 and 6). Glacial cirques_are bowl-shaped,
amphitheater-like, and steep-walled depressions that occur in the upper flanks of the vol¢ano:
In the RRIM, they are visualized as black-bottomed valleys flanked by red zones in the slopes
facing the volcano (Fig. 2). They form U-shaped and rough-bottomed valleys downslope,
probably infilled by moraines and rockfall talusslope deposits. U-shaped valleys, in general,
occur along all the volcano boundaries. They are flanked by escarpments showing open and
semi-circular shapes, and vary from small, typically 400 m wide, deep depressions with
nearly vertical slopes at their uppermost sectorssto.1,700 m wide, smooth flat-bottomed

depressions (Fig. 6).

4.6 Records of historical activity from the Lautaro volcano

The Lautaro volcano has been mentioned with different names in historical documents and
by the local population (e.g.;, Chaltén, Cerro Piramide, Volcan de los Gigantes, Humboldt,
Mano del Diablo). In Argentina, the early explorers of Patagonia were told by natives that an
active volcano was present to the west, somewhere within the ice field (Moreno, 1879; Lista,
1880; Quensel;1911; de Agostini, 1945; Lliboutry, 1957; Martinic, 2008). This then-
unknown active center was for decades misidentified as the Fitz Roy, a peak ~40 km SE of
Lautaro, until its non-volcanic nature was established, with Carlos Moyano proposing in
1884 the location of this active volcano someplace northwest of Fitz Roy (Moyano, 1931; de

Agostini, 1945; Martinic, 2008).



Due to its remoteness, reports typically comprise memoirs and tales from explorers, settlers
from Argentina (that is, more than 100 km to the east), and logbooks from voyages of the
British and German Navy. Records of historical volcanic activity from Lautafo are
summarized in Table 1. The large number of eruption reports during the 1870s and 1880s
may reflect a cycle of intermittent volcanic activity. This cycle included ash emissions, minor
eruptive columns, and incandescence, with major events in 1879,4883, and 1884 (Kolliker
et al. 1917; Martinic, 2008; Greenwood, 2015). However, despite all this.evidence, Lautaro
was only officially recognized as an active volcano i 1933 after the expedition led by
Federico Reichert, who reached its base and observed gas and ash emissions. This discovery
was unfortunately not widely disseminated, so the mystery of an active¥olcano somewhere

in the SPI remained for a couple of decades (von Rentzell, 1933, 19344, b, c; Reichert, 1947).

On 28" December 1959, Alfon§o Cuadrado Merinoya pilot from the Linea Aérea Nacional,
observed and photographed an eruption column from Lautaro (Martinic, 1960a, b, 1988;
Gonzalez-Ferran, 1995). Some weeks later, the expedition led by Eric Shipton arrived at the

base of Lautaro on 19' January 1960, locating it cartographically (Shipton, 1960, 1963).

Eruptions during the secondshalf of the 20" century were far less recurrent, comprising
activity reported by farmers in Argentina and ephemeral tephra blankets remotely identified
over.the SPI (Kilian, 1990; Lliboutry, 1998). Petit-Breuilh (2022) mentions two eruptions in
1995 and 1998; however, we did not find any report or bibliographic reference regarding an
eruption,during the 1990s for this volcano. Finally, Motoki et al. (2006) sampled undated
tephra fragments from the terminal part of the O’Higgins glacier, recognizing at least three

fallout layers that may correspond to the latest eruptions.

5. Discussions



5.1 Geomorphology of the Lautaro volcano

The Lautaro volcano forms an ~N-S elongated relief along the northern continuation of the
Pio XI chain. The modeled pre-eruptive surface indicates a depressed and flatténed area
towards the northeastern sector and a morphological elevation to the southwest, the latter.in
correspondence to the metamorphic basement highs (Figs. 3 and 4A). The volcano consists
of several overlapped shield-like lava flows at the base (Lautarod and Lautaro II units; Fig:
6), and viscous, superimposed lava flows and coulées emplaced from multiple lateral vents
that form the volcano's upper part (Lautaro III and Lautaro IV units; Fig. 6). The morphology
of the uppermost part of the volcano had already been recognized by Orihashi et al. (2004),
who described a dome or coulée complex rather than a‘compound voleano. By calculating
the mass in excess between the current and pre-eruptive. sutfaces within the volcano
boundary, it is found that Lautafo has a volume of;52.km?>. The isopach map of Lautaro upon

which this calculation was'done is shown in figure 7.

Flank vents refleet magma ascent paths and ¢an give insights into the underlying magmatic
system and growth processes (Acocella and Neri, 2009; Yokoyama, 2015). The concentric
distribution from the current summit of the oldest identified lavas may suggest a volcano-
related concentric stress field during the first stages of volcano construction (Nakamura,
1977). On the other hand, the alignment of emission centers during the last stage (Lautaro
IV) strongly suggests the influence of the regional stress field in controlling dyke
propagation, similar to other volcanic centers such as Etna (Italy), Ollagiie (Chile) or Miyake

(Japan) (Nakamura, 1977; Vezzoli et al., 2008; Acocella and Neri, 2009; Yokoyama, 2015).

Initial lavas may have flowed towards the topographically lower eastern and northern flanks,

and only after they infilled the depressed surface they started flowing concentrically, similar



to what was observed in Monte Amiata (Italy), for example (Principe et al., 2017). The
topographic effect of the Pio XI chain on the evolution of Lautaro is reflected in: (1) a major
proportion of Lautaro I lavas towards the northern and eastern flanks of the volcano (Fig. 6);
(2) Lautaro II lavas with plateau-like morphologies (typically related to lower slopes;
Principe et al., 2017; Sepulveda et al., 2023) in the northern sector and steep, rough surfaces
toward the southern flank (Fig. 2); (3) the presence of negative walues from the modeled
thickness for the volcano in its southwestern and southeastern flanks (Fig.<7), attributable to
incised or steep areas without deposition, in concordance with the bedrock elevations
determined by Millan et al. (2019), with differences in altitude ofup to 1,400 m; (4) one lava
flow from Lautaro IV diverted into two branches in the southern flank duae to a barrier effect
of the Pio XI chain (Figs 2 and 6): the'western lobe rapidly halted due to channeled effects
on high slopes, and the eastern lobe accelerating because of the barrier effect (e.g., Dietterich
et al., 2015); and (5) thicker-than-expected lava flows in the Mimosa and Pangrec areas due

to the depressed northern flank (Figs. 3 and 7).

By considering the total calculated volume (52 km?) and the oldest reported age (ca. 170 ka;
Orihashi et al., 2004), we calculate a time averaged volumetric eruption rate of 0.30 km*/kyr
for the Lautaro volcano. This rate represents a maximum, as the Orihashi et al. (2004) ages
lack stratigraphic control, with the possibility of older ages emerging as more geological
information about the volcano becomes available. In terms of regional comparisons, there is
unfortunately no data to contrast with other AVZ centers, although Lautaro’s maximum
growth rate is similar to those obtained for other centers in the more active SVZ, such as

Calbuco (0.35 km3/kyr; Sellés and Moreno, 2011) or Osorno (0.88 km?*/kyr; Moreno et al.,



2010). Further studies are necessary to reveal Lautaro’s geological and geochemical

evolution.

5.2 Limitations and DEM-resolution effect

RRIMs are inherently a function of the spatial resolution of the input elevation data, a
dependency that can have significant implications for delineating specific landforms
(Mashimbye et al., 2014). Previous studies have demonstrated that a precise and-consistent
delineation of the volcanic landforms holds greater significance than the specific DEM type
(Kervyn et al., 2006; Van Wees et al., 2024). Similarly, Septlveda et ak (2026) showed a
good consistency for the terrain surface represéntation between RRIMs derived from a 1 m
pixel resolution Light Detection and Ranging (LiDAR) and those from a 10 m pixel
resolution TINITALY DEM in a peérvasively vegetated voleanic zone. Therefore, although
devoid of a high-resolution DEM for the study area, the 12.5 ALOS PALSAR DEM can be

considered to represent.the terrain realistically.

The scale of the reliefs identified through the RRIMs are directly related to the selected search
radius (Yokoyama et al;; 2002; Chiba et al., 2008; Favalli and Fornaciai, 2017; Sepulveda et
al., 2026). A recent study showed that a 100 m search radius realistically represents the
ground surface for mapping purposes (Sepulveda et al., 2026). However, in our case study
the surface.is best represented by a larger search radius (1,000 m), with lower values
mcreasing the background noise due to local roughness and a major effect of smaller-scale
artifacts (Fig. 8). These artifacts are DEMs imperfections resulting in erroneous features that
do not exist in the actual terrain, such as spikes, sinkholes, steps, pixel defects, unfilled voids,
and line errors, due to incoherent altitude values after DEM acquisition and processing (Hirt,

2018). Here, local scale artifacts as small voids may be enhanced in ice-covered surfaces due



to specular effects (Parrot and Ramirez Nufiez, 2015). Finally, although the RRIMs can be
used to identify and map several landforms, in volcanic terrains they are uniquely able to

recognize lava flows.

5.3 The Viedma nunatak and its implications to historic eruptions of Lautaro volcano

Since the 1960s, field-based studies (Shipton, 1963; Blampied et alg 2012; Suarez et al.,
2019) have evidenced the non-volcanic nature of the nunatak Viedma, being remeved from
the Smithsonian's Global Volcanism Program database in:2019. Tn the decades in between,
however, some still considered it as a volcanic centér (Stern and Kiliang1996,Stern et al.,
2007; Kobayashi et al., 2010), even assigning to it an undistinguished geochemical signature
with Lautaro volcano (Smith et al., 2019)sThe non-volcanic nature of Viedma opens two
discussions: (1) the tephra analyses formerly attributed to Viedma (Kilian, 1990; Stern and
Kilian, 1998; Stern, 2007; Mayr etal., 2019) would rather be from Lautaro, and (2) the
records of possible historical activity assigned to Viedma would correspond to Lautaro
instead. These records include ash bands identified from aerial photographs in February 1952
(Lliboutry, 1956), and remobilized tephra fragments from an eruption that would have
occurred between September and November 1988 (Kilian, 1990). This eruption is recorded,
and dated, in the Laguna Gemelas Este in Argentina (Mayr et al., 2019), and may be the last

confirmed eruption of the Lautaro volcano.

6 Conclusions

The application of RRIMs proved to be an effective tool for characterizing the
geomorphology of volcanic terrains in glaciated and remote environments, allowing the

identification of volcanic structures otherwise obscured by the ice cover. At the Lautaro



volcano, the RRIM analysis shows overlapped lava flows and coulées, and structures such as
a caldera rim, a volcanic lineament, and glacial escarpments. The RRIM reveals two main
volcanic edifices: one to the north, comprised by overlapped short runout lavas, and the other
to the south, formed by long runout lava flows. In the northern sector, multiple emission
centers were emplaced along a NE-SW lineament. Based on morphological features and
surface texture of the lava flows, we present the first geomorphological map of Lautaro
volcano. This map identifies the remnants of a small caldera rim and four main stages of
volcano construction. The modeled pre-eruptive surface, together with the emplacement
directions, slopes, and surficial structures of dava flows, dndicate “that the volcano’s
morphology was strongly influenced by the regional topography. On the other hand,
historical records indicate that Lautare has been the most active volecanic center in the AVZ
since the late 19" century, underscoring the need for further investigation and monitoring of
this ice-covered volcano. This study, effers new insights into Lautaro’s evolution and

contributes to a broader understanding of' volcano-glacier interactions in southern Patagonia.
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Fig. 1. A. Location map of the Austral Volcanic Zone (AVZ) of the Andes. NVZ: Northern Volcanic
Zone, CVZ: Central Volcanic Zone, SVZ: Southern Volcanic Zone. B. Location of the Lautaro
volcano within the Southern Patagonian Ice Field. C. Satellite image from the Bing Map repository
showing the Lautaro volcano covered by a permanent ice blanket. The boundaries of the glaciers are
simplified from the Inventario Nacional de Glaciares from the Direccion General de Aguas,
Ministerio de Obras Publicas, Chile. S/n = No name. Volcano boundary obtained after Red Relief
Image Map (RRIM) processing (see text for details).
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Fig. 3. Topographic, pre-eruptive, and thickness profiles along two transects crossing Lautaro
volcano. A. AA’ transect (NW-SE oriented): B. BB’ transect (SW-NE oriented). See figure 2
for transect locations. See text for pre-eruptive surface acquisition.
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Fig. 5. RRIM-derived excerpts from figure 2, obtained by applying.a 1,000 m search radius.
A. Northern edifice and Mimosa emission center, formed by overlapped, radial lavas. One
lava flow from the northern edifice was diverted by Mimosa, indicating an older age for the
latter. B. NE flank of Lautaro, with Pangrec lavas cutting the ancient Gorra Blanca caldera
structure. C. Parasitic center at the WNW flank of Lautare; with a lava flow emplaced
towards its northern flank. Blue arrows indicate lava flow emplacement directions.
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Fig. 7. Isopach map for the Lautaro volcano with isocurves every 50 m. Negative thicknesses
occur where interpolation underestimates true pre-eruption topography due to the edge effect
or erosional valleys. Maximum thicknesses for the volcano occur within the depressed
surface along the northern summit and the NE-SW lineament.
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Fig. 8. RRIM-derived panels from figure 5, obtained by applying a 100 mrsearch radius
(instead of a 1,000 search radius, as in figure 5). Blue arrows indicate lava‘flow emplacement
directions. A. Northern edifice and Mimosa emission centet, showing background noise with
no identifiable small lava lobes. B. Pangrec and Gorra'Blanca centers showing flat surfaces
and hardly identifiable lava flows. C. Parasitic center at the WNW flank of Lautaro, showing
large background noise and major presence of unfilled voids aftifacts, limiting the tracing of
the lava flow boundary.

Table 1. Record of historical activity‘of the Lautaro volcano

* Previously assigned to the Viedma nunatak (then a potential volcano)

- No reported data

Year of eruption

1712

Observation

Reference

No available description or
bibliographic source

Petit-Breuilh (2022)

1824

No available description or
bibliographic source

Petit-Breuilh (2022)

September 17%,

>1,000 m eruptive column

No available bibliographic

Petit-Breuilh (2022)

published in the South
American Missionary

1864 source
October 12, Messier Channel, Ash fallout on the desk of the
1876 70 km W of Lautaro Ash fallout Brigantine Sunbeam Brassey (1881)
Eruption reported south of
1877 - - Middle Island, 90 km NW of Goll (1904)
Lautaro
Iy ——ry Lake Argentina, Thomas Rogers mentioned
1877 ’ 150'km SE of Rumbles (explosions) Chaltén or Fitz Roy as a Koélliker et al. (1917)
Lautaro possible source
Assigned to Fitz Roy. Gas and
Lake Viedma, SE of ash emissions observed during .
LTk Lautaro Steam column this period by adnikenk local Lista (1880)
population
1878 Omaha gunboat, W Ash fallout ] Lista (1880)
of Lautaro
Eruptions repeated at intervals
H.M.S. Gannet, . of three hours, Flrgt graphic The South American
th 1,500-1,800 m eruptive record of an eruption from .. .
August 8™, 1879 | Puerto Gray, 60 km column Lautaro. with an eneravin Missionary Magazine
NW of Lautaro ’ graving (1880), Martinic (2008)




Magazine (1880), entitled
“Volcano in Smyth’s Sound,
Straits of Magellan viewed
from H.M.S. Gannet”.

Someplace between

1879 San Martin and Ash/tephra column (?) - Martin'(1909), Sapper
. (1917)
Viedma lakes
Mentioned as Volcan de los
Gigantes. Incandescence with
Upper basin of explosions lasting for minutes
Coyle River, 250 Ash fallqut, explosions, during the first night follow.ed Greenwood (2015), Mdrtinic
1883 eruptive column, by a dense blacks umbrella-like
km SE of Lautaro, . . 4 (2016)
Areentina incandescence tephra column with pulsating
& activity and ashfall of up to 5
cm thick. Activity may lasted
for seven days:
Dense and pulsating eruptive
Ash fallout. explosion column from the Chaltén
Lake Viedma, SE of S out, explosions, volcano (i.e., Lautaro) with .
1884 eruptive column, Koélliker et al. (1917)
Lautaro . ashfall and underground
incandescence .
noises. Incandescence
observed during the night
Fallout in Punta Arenas,
covering vast expanses of
Valley of Santa grasslands. Waters of the Santa
May, 1886 Cruz, 200 km SE of Ash fallout Cruz Riversuddenly rose Burmeister (1891)
Lautaro (possibly glacial outburst
flood). Lautaro or Aguilera as
possible sources
1910 - Eruptive'column - Petit-Breuilh (2022)
First expedition to Lautaro by
Base of Lautaro .. Federico Reichert, lise von von Rentzell (1933,
1933 voleano Ash emission Rentzell, Juan Neumayer, and 1934a.b.c), Reichert (1947)
Arturo Donat. Not widely e
disseminated
1935 SPI nf)rthwest of Glaciar melting and tephra | Assigned to a nearby unknown de Agostini (1945)
Fitz Roy blanket volcano
Trimetrogon Aerial Glaciar melting and tephra Identified in February 1946
1945 Photographic £ p and assigned to a possible Lliboutry (1956)
blanket ;
Surveys eruption of Lautaro
Trimetrogon Aerial . .
Februawggl@s? Photographic Tephra blanket Assigned to Viedma volcano Lliboutry (1956)
* (now a nunatak)
Surveys
First overflight by Alfonso
th
December 287, Overflight Tephra column Cuadrado Merino, a pilot from Martinic (1960a)
1959 . , )
the Linea Aérea Nacional
Excursion composed of Eric
January 19™ Base of Lautaro Ash amission and tephra Shipton, Jagk Ewer, Cedomir .
Marangunic, and Eduardo Shipton (1960)
1960 volcano column p . .
Garcia. Location established
cartographically
October 2™ . o Reported by the Press Office
1961 Overflight Gas and ash emission of the Chilean Air Force Casertano (1962)
. Oral communication from .
1972 Argentina - settlers Lliboutry (1998)
June, 1978 Argentina - Oral communication from Lliboutry (1998)

settlers




Landsat 3 RBV

Image from 8" March. Tephra

1979 image Tephra blanket at distances of up to 110 km Lliboutry (1998)
g south of Lautaro
September- . . . .
November Viedma Glacier Glacier mte)itml% and tephra | Assigned to Vledmilzfolcano Kilian (1990)
1988 anket (now a nunatak)
No available cited
1995 - - bibliography or records of etit-Breuilh (2022)
volcanic activity
No available cited
1998 - - bibliography or records of

volcanic activity






