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Glaciovolcanism produces distinctive features that are useful paleoclimate proxies for the distribution of past ice
sheets and glacier extent. The Copahue volcano located in the Andean Southern Volcanic Zone, Argentina-Chile, is
an active composite volcano known to have glaciovolcanic features such as lava bodies with glassy margins and
anomalous cooling fractures. However, the emplacement conditions of these products and the influence of Pleis-
tocene glaciations on the evolution of the Copahue volcano remains poorly understood. In this contribution, we
propose a model for glaciovolcanic evolution of the Copahue volcano based on the analysis, interpretation, and
mapping of its products. Ten lithofacies are described on the eastern flank of Copahue volcano exhibiting several
examples of glaciovolcanism. The evolution of the Copahue volcano can be divided into two main sequences: the
Ancient Sequence (S1) and the Young Sequence (S2), separated by a major erosive phase. The S1 (early-middle
Pleistocene-late Pleistocene) consists of an initial subaerial effusive stage followed by a major glaciovolcanic
stage, during which a thick ice cap existed and the edifice grew beneath an englacial lake with the eventual for-
mation of a lava-fed delta. The S2 (late Pleistocene-Present) is defined by mainly effusive activity during periods
of glacial advance and retreat recorded by an alternation of unconfined subaerial lavas and ice-confined lavas. The
evolution of the Copahue volcano therefore indicates two glaciations in the Copahue-Caviahue area during the
late Pleistocene, in contrast to a single glaciation. Based on the glacial history in the area we associate the first gla-
ciation with the end of Marine Isotope Stage 3 (57-29 ka) and/or the Last Glacial Maximum period
(26.5-19.0 ka), and the second less-extensive glacial period with the Antarctic Cold Reversal (14.5-12.9 ka).

© 2020 Elsevier B.V. All rights reserved.

Keywords:

Glaciovolcanism

Volcano-ice interaction
Caviahue-Copahue volcanic complex
Late Pleistocene

1. Introduction Although the classic case studies are from the glaciovolcanic prov-
inces located in Antarctica, Iceland and British Columbia (Canada), in re-

Glaciovolcanism is defined as all interactions between volcanic ac- cent years more research has highlighted glaciovolcanism around the

tivity and ice in all its forms, including meltwater derived from volcanic
heating (Smellie, 2006; Edwards et al., 2015; Smellie and Edwards,
2016). This type of volcanism produces distinctive diagnostic features,
including landforms (e.g. Hickson, 2000; Edwards and Russell, 2002;
Pedersen and Grosse, 2014; Russell et al.,, 2014; Smellie, 2013),
lithofacies (e.g. Loughlin, 2002; Edwards et al., 2009; Lachowycz et al.,
2015; Cole et al., 2018) and fracture patterns in lavas (e.g. Lescinsky
and Fink, 2000; Sporli and Rowland, 2006; Lodge and Lescinsky, 2009;
Forbes et al., 2012; Forbes et al., 2014a; Forbes et al., 2014b).
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world (Edwards et al., 2015), including on volcanoes in mid-latitude
continental arcs (e.g. Mee et al., 2006; Conway et al., 2015; Lachowycz
etal, 2015; Cole et al., 2018). This expansion of interest is mainly due
to the recognition of glaciovolcanic deposits as useful paleoclimate
proxies since they provide valuable information about the extent, thick-
ness, and age of ice sheets (Edwards et al., 2015).

The Copahue volcano is an active composite volcano in the southern
Argentine-Chilean Andes, where glaciovolcanic features such as lava
bodies with glassy margins and cooling fractures had been grouped in
a “syn-glacial stage” (Bermudez and Delpino, 1999; Melnick et al.,
2006; Sruoga and Consoli, 2011a). However, the emplacement condi-
tions of these features and the influence of the Pleistocene glaciations
on the evolution of the Copahue volcano remains poorly understood.
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In this contribution, we propose a model for edifice evolution closely
linked to glaciovolcanic processes at the Copahue volcano based on
the analysis, interpretation, and mapping of its products. Consequently,
a new stratigraphic scheme is presented and we discuss the paleocli-
matic implications that arise from the novel data presented.

2. Geological setting and glacial history
2.1. Geological setting

Copahue is a composite volcano of intermediate composition lo-
cated on the border between Argentina and Chile (37.86°S,
71.17°W), in the central sector of the Southern Volcanic Zone (SVZ)
of the Andes (Fig. 1). The Copahue volcano lies on the western rim
of the Caviahue caldera, forming the Caviahue-Copahue Volcanic
Complex (CCVC), which has been active at least since Pliocene
(Pesce, 1989; Linares et al., 1999). The edifice shows an elongated
shape with nine summit craters aligned in SW-NE direction, the east-
ernmost of which is currently active (Sruoga and Consoli, 2011a;
Caselli et al., 2016a). The age of the Copahue volcano and the dura-
tion of volcanism is not well constrained. Classic K—Ar ages obtained
by Linares et al. (1999) vary between 1.23 4 0.09 Ma and 0.76 +
0.07 Ma. However, other authors obtained K—Ar ages between 0.6
+ 0.4 Ma and 0.4 + 0.3 Ma for units that predate Copahue volcano
(Muifioz Bravo et al., 1989; Polanco, 2003). Most recent “°Ar/*°Ar
dating of the pre-Copahue Las Mellizas volcanic sequence yielded
an age of 125 ka (Sruoga and Consoli, 2011b). This evidence implies
that de Copahue volcano could be substantially younger than the
ages obtained by Linares et al. (1999).

Previous work proposed several stratigraphic schemes for the CVCC
(Pesce, 1989; Delpino and Bermtdez, 1993; Polanco, 2003; Varekamp
et al., 2006). The most recent scheme, based on field relations and tem-
poral relationship with glaciations, divides the evolution of Copahue
into three stages: 1) a pre-glacial stage comprising a succession of up
to 1000 m of lavas and minor deposits of pyroclastic flows with evi-
dence of glacial erosion, 2) a syn-glacial stage comprising lavas with ev-
idence of interaction with water/ice assigned to sub-glacial eruptions
produced in one or more glacial periods during the last 0.7 Ma, and
3) a post-glacial stage mainly comprising lava flows without evidence
of glacial erosion (Melnick et al., 2006; Sruoga and Consoli, 2011a). In
historical times, the volcano has had at least 11 phreatic and
phreatomagmatic eruptive episodes in the last 270 years (Petit-
Breuilh, 2004; Caselli et al., 2016a).

2.2. Late Pleistocene glacial history in Patagonia

The last Pleistocene glaciation occurred between ~110 and 11.7 ka
with the coolest period of the last glaciation, referred to as the Last Gla-
cial Maximum (LGM), occurring during 26.5-19.0 ka (Clark et al., 2009).
During the late Pleistocene, glaciers expanded in Patagonia generating a
big ice sheet that extended from ~36-38°S in northern Patagonia to
~55°S in Tierra del Fuego (Hulton et al., 2002). Outlet glaciers that
flowed from the big ice sheet record their maximum expansion during
the LGM (Denton et al., 1999; Darvill et al.,, 2016) or even before, during
the Marine Isotope Stage 3 (57-29 ka) (Darvill et al., 2015; Hein et al.,
2017). After this, the LGM glaciers started to retreat, generating most
of the present-day Patagonian lakes. During the deglaciation renewed
glacial advances occurred but were less extensive than those from the
LGM. New evidence suggests that these late glacial advances occurred
during the Antarctic Cold Reversal (ACR, 14.5-12.9 ka) (Strelin et al.,
2011; Garcia et al., 2012; Sagredo et al., 2018), a cooling period during
the deglaciations that was first discovered in Antarctic ice cores.

Near the Copahue volcano, the chronology of the glacial activity dur-
ing the late Pleistocene is fragmentary. Pioneer work (Groeber, 1925)
identified two glaciations in this area during the Pleistocene. Radiocar-
bon dating on glaciofluvial deposits near the Copahue volcano,

attributed to the oldest glacial advance, yield an age of 30 ka
(Bermidez and Delpino, 1999). In contrast, Gonzéilez Diaz (2003,
2005) proposed a single glacial episode in this area characterized by
the generation of an ice cap of 500-800 m thick, rejecting the existence
of the youngest glaciation. However, all these authors agree that a thick
ice cap entirely covered the Caviahue caldera during the maximum gla-
cier expansion.

In the Maule area, ~200 km northward of Copahue volcano,
40Ar/39Ar age of lava flows at 2200 m a.s.l. indicates that at 26-23 ka
the area was not glaciated, and that glaciers did not expand afterward.
In the Rucachoroi valley, ~150 km southward from the Copahue vol-
cano, Zech et al. (2017) established a glacial chronology based on 16
cosmogenic '°Be surface exposure dating of erratic boulders deposited
in moraine crests. The results show that a series of progressively less-
extensive glacier expansions occurred at ~45-40 ka, ~21-18 ka, and
~15-14 ka.

3. Methods

Fieldwork was carried out during the austral summer of 2017, 2018
and 2019, including conventional stratigraphic logging, detailed de-
scription of the lithofacies, collection of samples for petrographic and
geochemical analysis, and geological mapping. The geological map
was made from field observations based on lithostratigraphic criteria
and field relationships supported by satellite images. In order to avoid
genetic connotations a non-genetic nomenclature was adopted to iden-
tify each lithostratigraphic unit.

The lithofacies code is composed of a primary lithologic descriptor in
capital letter, accompanied by a secondary descriptor in a lowercase let-
ter that represents a distinctive feature. The volcaniclastic lithofacies
(composed of fragments originated by primary volcanic fragmentation
and transported/deposited by processes directly related to eruptions)
are described using the terminology proposed by White and
Houghton (2006). The sedimentary lithofacies (composed mostly of
fragments formed or reshaped during transport or depositional pro-
cesses not directly related to eruptions) are broadly mapped but not an-
alyzed in detail.

The petrographic analysis consisted of the description of thin sec-
tions of selected samples. Whole rock geochemical analyses were
made on selected samples, and the results compared with published
data. Major element concentrations were determined by ICP-ES
method at ACME Analytical Laboratories Ltd. (Canada) and by FUS-ICP
method at ActLabs laboratory (Canada).

Throughout this contribution, we use the term “subglacial erup-
tion” strictly for eruptions beneath ice. For subaerial lavas down-
slope constrained by ice we use the term “ice-confined lavas”.
These lavas are called “ice-dammed lavas” when the lavas are
impounded but their movement is not totally restricted and “ice-
bounded lavas” or “ridge-forming lavas” when the lavas are laterally
restricted by adjacent glaciers. For a more detailed discussion of
glaciovolcanic terms see the glossary in Smellie and Edwards
(2016). The cooling fracture terminology is based on previous work
(Lescinsky and Fink, 2000; Lodge and Lescinsky, 2009; Forbes et al.,
2012; Forbes et al., 2014b; Conway et al., 2015; Smellie and
Edwards, 2016; see Supplementary material).

4. Geological mapping

We have compiled a 1:40000 scale geological map of the eastern
flank of the Copahue volcano based on lithostratigraphic criteria and
field relationships (Fig. 2). The mapped area is delimited by the coordi-
nates 37.821°S - 37.887°S and 71.106°W - 71.165°W, including the cur-
rently active crater. The distribution of pre-Copahue units is based on
Melnick et al. (2006). It should be noted that the similarity of Unit A
with the top lavas of the underlying Las Mellizas Volcanic Sequence
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Fig. 1. Location maps. a. The South American continent map showing the distribution of the Andean Volcanic Zones (Austral Volcanic Zone (AVZ), Southern Volcanic Zone (SVZ), Central
Volcanic Zone (CVZ), and Northern Volcanic Zone (NVZ)) with the location of the Copahue volcano in the Southern Volcanic Zone. b. The Caviahue caldera map showing the location of the
Copahue volcano (Dark grey) in the western rim of the caldera, and the location of the Argentinian towns of Caviahue and Copahue inside the caldera. The red square marks the study area
in Fig. 2 and the red point marks field works stations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

makes the boundary between both units tentative, as was highlighted
by Sruoga and Consoli (2011a).

The evolution of Copahue volcano can be divided into two main se-
quences: i) the oldest Ancient Sequence (S1) constituted by Unit A, Unit
B, and Unit C, representing a large part of the volume of the volcanic ed-
ifice. The S1 is strongly affected by a major erosive phase that formed
the glacial cirques located in the Pucén Mahuida area (Fig. 3) and in
the northeast flank of the volcano (Fig. 4). This major erosive feature
marks the end of S1 and the onset of renewed volcanism; ii) the
Young Sequence (S2) constitutes units D, E, F, G, H and I, which are
not affected by the major erosive phase; however, some units show ev-
idence of later glacial activity. The S2 include the volcaniclastic deposits
associated with historical eruptions of the Copahue volcano (Unit I).
Most of the units that form part of the S2 are associated with vents pre-
sumably located in or near the active crater. However, minor volumes of
lavas related to flank eruptions (Unit H) are also present. The strati-
graphic relationships between all these units are clear, except in the
case of Unit E, which only shows contacts with the underlying Unit A.

We consider Unit E as coeval to Unit D following the stratigraphic inter-
pretations of Melnick et al. (2006).

5. Geochemistry and petrography

Lavas of the Copahue volcano are intermediate in composition,
ranging from basaltic-andesitic to trachyandesitic (Fig. 5a;
~54-59 wt% SiO, and ~5.3-6.5 wt% Na,0 + K,0) with medium to
high-K calc-alkaline affinities (Fig. 5b). Lavas of Copahue show a con-
sistent modal composition mainly represented by plagioclase and
clinopyroxene, with subordinate olivine, orthopyroxene, and
opaques. However, textural variations, mainly in the grain size of
the groundmass due to different cooling rates, are observed in the
lavas of the Copahue Volcano.

In hand sample, these lavas have a porphyritic to glomero-
porphyritic texture with phenocrysts of plagioclase and clinopyroxene
in an aphanitic groundmass that varies from grey to black according to
the degree of crystallinity.
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Fig. 3. Panoramic view of the Pucén Mahuida area (top) and sketch of the same area (bottom) showing the stratigraphic relationship between units A, B, and F (PM: Pucén Mahuida dome,
GD: Glacial deposits). View direction to the west.

Fig. 4. Panoramic view of the northeast flank area (top) and sketch of the same area (bottom) showing the stratigraphic relationship between units A, B, C, E, F, G, H, and I (GD: Glacial
deposits). View direction to the southwest.

In thin section, plagioclase, pyroxene, olivine, and opaque crystalline lavas, to hypocrystalline to cryptocrystalline (the result
microphenocrysts are also observed. The groundmass varies from of devitrification?) in lavas that cooled rapidly (see Supplementary
microcrystalline with felty to trachytic textures in the most material).

Fig. 2. Geological map of the eastern flank of the Copahue volcano (1:40000 scale) based in the units and sequences defined in this contribution, and 3-D view with draped geology of the
same area (bottom; view direction to the southwest).
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Fig. 5. a. Total Alkali-Silica diagram (Le Bas et al., 1992) shows the whole rock composition of lava samples of the Copahue volcano (Units A, D, E, F, H and I). The lavas range from basaltic-
andesite to trachyandesite. Samples plotted include new data from this work (full data table in Supplementary material) and bibliographic data (v: Varekamp et al., 2006; r: Roulleau et al,,
2018). The red dashed line marks the alkaline-subalkaline division (Irvine and Baragar, 1971). Samples plot in the subalkaline field. b. K;0 vs Silica diagram (Peccerillo and Taylor, 1976)
showing the subdivisions of subalkaline rocks. Samples of the Copahue volcano mainly plot in the high-k calc-alkaline series field with some in the medium-k calc-alkaline series field. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

6. Lithofacies and units descriptions
6.1. Lithofacies classification

We identified 10 different lithofacies at the eastern flank of
Copahue volcano. Their codes, occurrences, descriptions, and inter-
pretations are summarized in Table 1. Three representative strati-
graphic logs show the main lithofacies associations present in the
edifice (Fig. 6).

6.2. Unit A

The oldest Unit A is mainly exposed in the area between the upper
Agrio River and the Las Mellizas Lake covering an area of ~2.5 km?, al-
though smaller outcrops are in the southern sector of the study area. A
maximum thickness up to 50 m is observed in the easternmost outcrops
where the succession is exposed in walls generated by erosion. This unit
comprises a succession of massive lavas (cL) that commonly have or-
ange altered surfaces. Lavas of this unit are strongly polished and stri-
ated due to glacial abrasion (Fig. 7a).

6.3. Unit B

Unit B overlies the Unit A, although the contacts between them are
mostly obscured. This unit is strongly eroded by glacial activity and
shows its best exposures on the Pucén Mahuida and Northeast Flank
cirques, reaching thicknesses of ~200 m and ~100 m, respectively. The
base of Unit B is only exposed in the western sector of Pucon Mahuida
cirque. This is represented by a pillow lava (pL) succession deposited
over diamictite deposits showing a peperitic contact (Fig. 7b,c). Pillow
lavas are dark grey in colour and ~15 m thick. Individual pillows are
<1 m wide and have highly vesiculated cores, glassy rims and well-
developed radial jointing (Fig. 7d). Some show contraction cracks and
locally an interstitial palagonitised pillow-fragment bearing tuff breccia
matrix is present.

Above the pillow lavas there is a succession of tuff breccias domi-
nated by clasts of pillow-fragment (pTB) interbedded with irregular
massive lavas. This has distinctive yellowish chaotic outcrop appearance
(Fig. 7e). The Northeast Flank outcrop presents a covered base and be-
gins directly with this lithofacies. The pTB facies is monomict, poorly
sorted and mainly matrix-supported and is composed of a yellow to or-
ange (locally red) palagonitised lapilli-ash size matrix supporting clasts
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Summary codes, occurrences, descriptions, and interpretations of lithofacies of the eastern flank of Copahue volcano.

Lithofacies Code

Occurrence Description

Interpretation

Lavas Coherent lava cL

A,C,D,F,H Subhorizontal grey massive lava with porphyric to

glomeroporphyric texture with phenocrysts of plagioclase
and clinopyroxene in an aphanitic groundmass. Commonly
present orange altered surfaces. The least eroded preserve
basal, surface, and front auto-breccias.

Subaerial non-confined lava flow without interaction
with ice/water.

Pillow Lava pL

Fractured Lava fL

Clastogenic Lava  cgL

Volcaniclastic Pillow pTB
fragment-bearing

tuff breccia

Bedded lapilli tuff bLT

Laminated lapilli ~ ILT
tuff

Massive lapilli tuff mLT

Unconsolidated ulP
Lapilli

Unconsolidated uB
Bombs and Blocks

D,E, G

D,G

Dark grey pillow lavas succession up to 15 m thick.
Individual pillows are <1 m wide and have highly
vesiculated cores, vitric rims and well-developed radial
jointing. Superficially show contraction cracks and locally
present interstitial palagonitised pillow fragment-bearing
tuff breccia matrix.

Dark lava with pervasive cooling fracture systems with
characteristic variations in the orientation of the fractures.
Present a porphyric texture with phenocrysts of plagioclase
and clinopyroxene in an aphanitic hipocrystalline
groundmass.

Reddish welded clastogenic lavas formed by a red (black in
the fresh face) domain with smooth surfaces that include
grey vesicular lenses that are flattened and stretched.
Yellowish tuff breccia dominated by clasts of
pillow-fragment. Massive at the base to stratified on the
top. Monomict, poorly sorted and mainly matrix-supported
and composed by a yellow to orange (locally red)
palagonitised lapilli-ash size matrix and clasts of angular
pillow fragments of <50 cm in size. Interbedded with
irregular dark grey massive lavas.

Planar bedded grey to reddish lapilli tuff with beds defined
by grain-size variation and in some cases strongly
deformed by large-scale slumps. Lapilli tuff is mainly
matrix-supported, moderately sorted, composed by
lapilli-size angular clast of dark grey lavas in an ash-size
matrix. Other volcanic lithics are also present but not
abundant. Thin, well-sorted clast-supported lapilli-size
beds are also present and can contain block-size fragments
even up to 30 cm.

Laminated lapilli tuff up to ~3 m thick. The stratification is
parallel planar with 1-5 cm thick beds. Fragments are
mainly lapilli-size (<5 cm) dark grey to brown vesicular
scoria with minor, generally smaller, volcanic lithic
supported in an ash-size matrix.

Light grey to whitish massive lapilli tuff that reaches up to
55 cm thick. Clast-supported and polymict, formed by
poorly sorted fine ash to fine lapilli-sized fragments
predominantly lithics. The lithics comprise white
sub-rounded fragments of amorphous silica and
grey-greenish spherical fragments of sulfur. Juvenile
fragments are scarce and exhibit blocky or vesicular
textures.

Unconsolidated dark grey to brown lapilli-sized vesicular
scoria. A minor amount of ash size components is also
present.

Unconsolidated black vesiculated (moderately to highly)
bombs up to ~2 m, and greyish highly altered block up to 50
cm impregnated with sulfur.

Subaqueous lava emplaced within englacial lake.

Lava flow cooled rapidly due to interaction with ice.

Subaerial vent-proximal clastogenic lava flow fed by a
lava-fountain eruption.

Subaqueous gravitational collapse of pillow lava
accumulation and re-sedimentation in foreset position of
alava-fed delta.

Syn-eruptive volcaniclastic deposits emplaced by
meltwater drainage streams.

Pyroclastic surge deposits associated with unidentified
historical eruption.

Volcaniclastic deposits associated to historical recent
eruption. Previously interpreted either as products of
lahar generated during 1992-1995 eruptive cycle
(Delpino and Bermtdez, 1993) or as pyroclastic density
current deposit emplaced during 2000 eruption (Balbis
et al, 2016)

Vent-proximal fall deposits ejected during the last
eruptive cycle 2012-2019 (Petrinovic et al., 2014; Caselli
et al,, 2016b).

Vent-proximal ballistic fall deposits ejected during the
December 22nd, 2012 eruption (Petrinovic et al., 2014;
Caselli et al., 2016b).

of angular pillow fragments of <50 cm in size. The pillow fragments
have glassy rims; occasionally isolated individual pillows are preserved
(Fig. 7f). The pTB facies is massive at the base to stratified on the top
(Fig. 7g). The interbedded lavas are dark grey in colour and present ir-
regular contacts with the pillow breccias. These lavas usually are not lat-
erally continuous, forming irregular to tabular isolated bodies.

6.4. Unit C

Unit C is only exposed in the Northeast Flank cirque and presents a
basal massive lava (cL) that gently dips to the northeast covering the
underlying Unit B. A step in the cirque wall has formed as a result of dif-
ferential erosion between these two units. This basal lava is mostly ~5 m
thick, although it exhibits thickness variations in distal sectors reaching
up to ~15 m without the presence of associated slope changes, increases
in crystallinity, or any obvious preserved barrier.

Above the basal massive lava is a succession of clastogenic lavas
(cgL) that forms a distinctive reddish wall of ~20 m thick (Fig. 7h).
These are welded clastogenic lavas formed by a red (black in the fresh
face) domain with smooth surfaces that include grey vesicular lenses
that are flattened and stretched.

Unit C culminates with a coherent lava similar to the basal lava
showing the distal over-thickening as well. The upper lava flow was
highly eroded by glacial activity showing polished surfaces and glacial
striae.

6.5. Unit D

Unit D covers the previous units and was not affected by the major
erosive phase. This unit was previously related to syn-glacial volcanism
(Melnick et al., 2006; Sruoga and Consoli, 2011a) and is represented by
a distinctive thick body with a flat top and steep fronts that covers an
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Fig. 6. Generalized representative stratigraphic logs showing the main lithofacies associations in: a. Pucon Mahuida area; b. northeast flank; and c. upper east flank.

area of ca. 6 km? toward the east of the active crater. The fronts reach
100 m thick and are usually covered by debris fans formed by erosion.
A maximum thickness of 200 m is estimated for the center of the
body. The top of the body is covered by a thin layer of coherent lava
flows of Unit F.

This unit is composed of a volcaniclastic basal section and a lava
upper section (Fig. 8a). The basal section is an east-dipping succession
composed of bedded grey-reddish lapilli tuff (bLT) strongly deformed
by large-scale slumps best exposed in the upper Agrio River (Fig. 8b).
The bLT facies is matrix-supported and moderately to poorly sorted,
comprising lapilli-size angular fragments of dark grey vesicular lavas
that vary from a few millimeters up to 5 cmin a reddish ash-size matrix.
Other volcanic lithics are also present but are not abundant.

The upper section mainly consists of over-thickened lavas. In the
margins of the body, the main lavas are black in colour and have perva-
sive fractures (fL). The fractures include fine-scale columnar joints,
pseudo-pillow fractures, hackly fractures and concentric platy joints
(Fig. 8c-e).

6.6. Unit E

This unit comprises a set of highly fractured dark lava bodies (fL)
that show evidence of glacial erosion. Unit E crops out on the flanks,
mainly in the area between the upper Agrio River and the Las Mellizas
Lake where it overlies Unit A, covering ~1.3 km?. Lavas grouped in
Unit E were previously related to syn-glacial volcanism (Bermtdez
and Delpino, 1999; Melnick et al., 2006; Sruoga and Consoli, 2011a).
Most of the lavas included in this unit exhibit elongated shapes in plan
although some have minor ratio aspect. The largest lava bodies reach
0.4 km? and up to 25 m thick, and have margins covered by debris.

The lavas in Unit E show a wide range of fracture types including
fine-scale columnar joints (Fig. 9a), hackly fractures, pseudo-pillow
fractures (Fig. 9b,c) and curved platy joints (Fig. 9d). These lavas show
characteristic variations in the orientation of the fractures, in some
cases from vertical to horizontal. Some elongated lava bodies show a

relatively thin margin (up to ~1 m thick) with pseudo-pillow fractures,
followed by a zone with fine platy joints parallel to the margin and fi-
nally a massive core (Fig. 9e).

6.7. Unit F

This unit includes relatively thin coherent lava flows with minor or
no fractures (cL) and without evidence of confinement but strongly
eroded by glacial activity. These lava flows are extended both to the
north and south of the active crater and at the top of the body formed
by the Unit D. Some of these last lavas come from fissures in the flank.
Lavas of Unit F cover the previous erosive landforms such as glacial
cirques and valleys (Fig. 10a,b) and mantle the prior units (Fig. 10c).
The outcrop appearance is characterized by surfaces polished by glacial
abrasion (Fig. 10d) and in some cases, the lavas preserve basal breccias
and primary morphologies (Fig. 10e).

6.8. Unit G

This unit is restricted to the upper parts of the edifice (>2450 m a.s.
1.), except on the northern flank where it reaches 2150 m a.s.l extending
3 km downhill. Similar to Unit D, this unit comprises a minor
volcaniclastic basal section covered by an upper section composed of
lava (Fig. 11a).

The basal section is composed of downslope-dipping bedded lapilli
tuff (bLT) up to 4 m thick, preserved toward east and south of the active
crater (Fig. 11b). Bedding is planar and subparallel to the previous topo-
graphic surface. The beds vary in thickness from centimeter to >1 m and
are defined by grain-size variation (Fig. 11c). The thin ones range from
well-sorted clast-supported lapilli-size beds to matrix-supported com-
posed of lapilli-size clasts in a light grey ash-size matrix. Some clast-
supported beds include block-size fragments even up to 30 cm but
they do not show associated impact sags structures. The metric-scale
beds are massive and matrix-supported. The clasts of angular dark
grey lava fragments dominate in the whole size range.
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Fig. 7. Outcrop characteristic of the oldest Ancient Sequence (S1). a. Strongly polished and striated surfaces of coherent lavas of the Unit A. Phone in yellow circle is 10 cm long. b. and c.
Base of Unit B in the Pucén Mahuida area showing a peperitic contact between the basal pillow lavas and the underlying diamictitic deposit (dia). d. Detail of the pillow lavas lithofacies
showing a cross-sectional view of pillow (P) and the presence of interstitial palagonitised matrix. Geological hammer is 33 cm long. e. Top of the Unit B showing a yellowish chaotic outcrop
appearance product of the interbedding pillow fragment-bearing tuff-breccias and irregular lavas. Note the overlying lavas of the Unit C. f. Detail of individual pillow in the pillow
fragment-bearing tuff-breccia. Geological hammer is 33 cm long. g. Stratified pillow fragment-bearing tuff-breccia on the top of the Unit B. h. Reddish wall composed by the
clastogenic lavas of the Unit C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The upper section is formed by lavas that show an erosive contact
with the underlying bedded lapilli tuff represented sometimes by a
basal breccia. Where the basal volcaniclastic section is missing these
lavas cover previous units (usually Unit B, C, and F). The lavas are highly
fractured by cooling joints (fL) and exhibit over-thickening by confine-
ment. The fractures range from fine-scale columnar joints (Fig. 11d),
pseudo-pillow fractures, and hackly fractures in the margins, to curved
and concentric platy joints in internal sectors (Fig. 11e).

6.9. Unit H

Unit H group lavas do not display evidence of glacial erosion. These
lavas were fully described in previous work and grouped in a “post-gla-
cial stage” (Melnick et al., 2006). In the mapped area, Unit H is mainly
represented by a lava flow emitted from a fissure in the northeast
flank. This lava flow extends for approximately 5 km covering Unit A
and glacial deposits. In addition, a 700 m-long minor lava flow overlying
the body formed by units D and F is also included in this unit. Both lava
flows have typical 'A’a surfaces, and basal and frontal auto-breccias
(Fig. 12a).

6.10. Unit I

Unit I consists of all the volcaniclastic deposits produced by the
historic activity of the Copahue volcano. These deposits are located
in a 1.5 km radius around the current active crater and in the stream
valleys located on the volcano flanks. Of particular note, the
volcaniclastic deposits outcropping in the Lomin and upper Agrio
rivers reach a maximum distance of 4 km and 6 km respectively,
from the active crater. In the mapped area, three main deposits can
be recognized (Fig. 12b). The lower deposit is preserved just east of
the active crater and consists of a laminated lapilli tuff (ILT) up to
~3 m thick. The stratification is parallel planar with 1-5 cm thick
beds. Fragments are mainly lapilli-size (<5 cm) dark grey to brown
vesicular scoria with minor, generally smaller, volcanic lithics sup-
ported in an ash-size matrix. This lower deposit is interpreted as a
product of a pyroclastic surge emplaced during an unidentified his-
toric eruption. The intermediate deposit is composed of light grey
to whitish massive lapilli tuff (mLT) that reaches up to 55 cm thick
and shows non-erosive contacts with the previous deposit. This de-
posit is clast-supported and polymict, formed by poorly sorted fine
ash to fine lapilli-sized fragments predominantly lithics. The lithics
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Fig. 8. Outcrop characteristic of the Unit D. a. Overview of the thick body of Unit D in the upper Agrio River showing a basal bedded lapilli tuff and marginal fractured lavas cover by
coherent lavas of Unit F. Note the flat top and steep fronts cover by debris fans. The yellow square marks the position of the figure b and d. b. Outcrop in the upper Agrio River
showing distinctive large-scale slumps in the basal bedded lapilli tuff. c. Fractured lavas in the margin body showing concentric platy joints and fine-scale columnar joints. d. Detail of
the contact between the volcaniclastic basal section and the fractured lavas of the margin of the body showing fine-scale columnar joints. Field of view is ~5 m. e. Highly fractured
lavas showing oblique fractures orientations (yellow arrow). Trekking pole in yellow circle is 120 cm long. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

are mainly composed of white sub-rounded fragments of amorphous
silica and grey-greenish spherical fragments of sulfur. Juvenile frag-
ments are scarce and exhibit blocky or vesicular textures. This
volcaniclastic deposit was previously interpreted either as the prod-
uct of a lahar generated during 1992-1995 eruptive cycle (Delpino

and Bermudez, 1993) or as a pyroclastic density current deposit
emplaced during the 2000 eruption (Balbis et al., 2016). The upper
deposit includes unconsolidated lapilli (uLP) and isolated volcanic
bombs and blocks (uB). These pyroclasts were ejected during the
last eruptive cycle (2012-2019) mainly in the major December
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Fig. 9. Outcrop characteristic of the Unit E. a. Highly fractured lavas that have fine-scale columnar joints (co) with sub-horizontal orientation (red arrow). b. Fractured lavas showing
pseudo-pillow fractures (pp) with sub-vertical master fractures (red line). c. Transverse view to the master facture of the pseudo-pillow fractures (pp). d. Fractured dark lavas
showing curved platy joints (pl) that varies from horizontal (to the left) to vertical (to the right). Note the underlying broad columnar joints. Field of view is ~40 m. e. Elongated lava
bodies showing a thin dark margin with pseudo-pillow fractures (pp), followed by a fine platy joint zones (pl) oriented parallel to the margin and finally a massive core (m). Field of
view is ~6 m. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

22742012 eruption (Petrinovic et al., 2014; Caselli et al., 2016b). The
deposit varies in thickness and is preserved up to 1.5 km from the ac-
tive crater, especially toward the east flank. The lapilli-sized compo-
nents correspond to dark grey to brown vesicular scoria. A minor
amount of ash size components is also present. The volcanic bombs
are black in colour, moderately to highly vesiculated and reach up
to ~2 m. The volcanic blocks reach 50 cm and correspond to greyish
highly altered fragments impregnated with sulfur.

Currently the active crater hosts a crater lake fed by meltwater from
the glacier located in its western wall, and a pyroclastic cone formed
during the post-2015 activity (Fig. 12c).

7. Discussion
7.1. Evidence of glaciovolcanism

The diagnostic criteria of a glaciovolcanic origin are features indicat-
ing: (1) presence of abundant water in terrestrial environments where

lakes are unlikely and (2) confinement in areas where physical barriers
are not evident (e.g. Lescinsky and Fink, 2000; Edwards et al., 2015; Cole

etal., 2018). In the following sections, we discuss the evidence of differ-
ent kinds of lava-ice interactions in the Copahue volcano.

7.1.1. Eruptions beneath an englacial lake

The first unit in the evolution of the volcano that presents evidence
of glaciovolcanism is Unit B (Fig. 13a). This unit contains basal pillow
lavas (pL), which are a diagnostic lithofacies of underwater eruptions
(Walker, 1992; White et al., 2015), but not necessarily in a glacial set-
ting. However, the location of the deposit (~2200 m a.s.I and steep to-
pography) leads us to infer that the most feasible mechanism to
accumulate this water is the retention of meltwater generated during
an eruption beneath a thick impermeable ice cap (Stevenson et al.,
2009; Russell et al., 2014; Smellie and Edwards, 2016). Edwards et al.
(2015) indicate that the englacial lakes at the base of a thick ice cap
are rapidly generated since the volume of melted ice is greater than
the erupted material. There are several cases of pillow lavas formed in
early stages of subglacial eruptions in thick ice (e.g. Skilling, 1994;
Edwards et al., 2009; Pollock et al, 2014; Russell et al, 2014;
Graettinger et al., 2019). The peperitic contact with the underlying gla-
cial deposits also supports the inference that pillow lavas are coeval
with ice (Smellie and Edwards, 2016).
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Fig. 10. Outcrop characteristic of Unit F. a. and b. Overview of the non-confined lavas of Unit F showing how these lavas cover the previous erosive landforms and units, in the northeast and
north flank respectively. c. Detail of the lavas of Unit F mantle previous successions of Unit B. d. Typical outcrop appearance of lavas of Unit F showing surfaces polished by glacial activity. e.

Lava tube preserved in coherent lavas. Field of view is ~50 m.

The overlying thick succession of pillow fragment-bearing tuff-
breccias (pTB) is interpreted as the continuation of the volcanic activity
in the same environment. Pillow lava fragments and pervasive
palagonitization indicate the presence of water, supporting this inter-
pretation. Part of this succession could be a consequence of gravitational
collapse of the growing pillow lava accumulation (e.g. Pollock et al.,
2014; Edwards et al., 2009). However, the bedding in the top of the suc-
cession and the presence of interbedded lava lobes indicate that it was
formed in a foreset position of a lava-fed delta. Lava-fed deltas com-
prises dipping successions of breccias and lava lobes that form when
the growing edifice exceeds the surface of the englacial lake producing
the emission of subaerial lavas that flow from the vent to the shoreline
and ultimate enter the lake (e.g. Skilling, 2002; Skilling, 2009; Edwards
et al,, 2011; Russell et al., 2014; Edwards et al., 2015; Smellie and
Edwards, 2016).

On the northeast flank, Unit B is covered by the subhorizontal lavas
(cL; cgL) of Unit C. The latter could be interpreted as the subaerial lava
cap of the lava-fed delta. The limit between units B and C represents
the subaqueous-subaerial limit (passage zone), which indicates the fos-
sil water level and can be used as a paleoclimate proxy (e.g. Jones, 1969;
Skilling, 2002; Russell et al., 2014; Edwards et al.,, 2015).

7.1.2. Ice-confined lavas

The lavas (fL) of units D and G are classified here as ice-confined lava
flows since they show cooling fracture varieties largely interpreted as a
result of quenching caused by contact with ice/water (Lescinsky and
Fink, 2000; Sporli and Rowland, 2006; Lodge and Lescinsky, 2009;
Forbes et al., 2012; Forbes et al., 2014b).

In the case of Unit D, these glaciovolcanic features were previ-
ously observed by Melnick et al. (2006), who proposed a subglacial
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Fig. 11. Outcrop characteristic of Unit G. a. Overview of Unit G on the east flank showing the volcaniclastic basal section covered by the upper section composed of over-thickened fractured
lavas. The yellow square mark the location of the figure b. b. Lapilli tuff in the east flank showing bedding planar and subparallel to the previous topographic surface. Note the brecciated
limit generated by the emplacement of the overlying lava. c. Detail of the grain-size variation in the lapilli tuff showing beds that range from clast-supported lapilli-size beds to matrix-
supported composed by lapilli-size clast in an ash-size matrix. d. Lava of the upper section showing fine-scale columnar joints. Note the lack of the volcaniclastic basal section in this
point. Geological hammer in yellow circle is 27 cm long. e. Over-thickening lava located south of the active crater showing hackly fractures and concentric platy joints. Note the
volcaniclastic basal section below the thick lava succession. Field of view is ~200 m. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 12. Outcrop characteristic of the unit H and I. a. Characteristic ‘a‘a lava of the Unit H preserving surface breccia located in the north of the studied area. Note the lack of evidence of
glacial erosion. b. Volcaniclastic succession located 500 m east of the active crater conformed by the three deposits grouped in the Unit . ¢. Interior of the active crater host of a crater
lake and an intracrateric cone formed during the post-2015 activity. Note the glacier located in the western wall of the active crater. View direction to the southwest. Photograph

taken in March 2018.

setting. Melnick et al. (2006) also mention the presence of isolated
pillow lavas in the top of the body. However, our field observations
suggest that the lavas of the top were cooled subaerially and they
were included in Unit F. The occurence of cooling fractures in mar-
ginal zones of the main body and their variable orientation (usually
perpendicular to the vertical margin) indicate that the lava flows
were subaerially emitted and downstream interacted with ice gener-
ating a vertical cooling surface (e.g. Lescinsky and Sisson, 1998;
Lescinsky and Fink, 2000). The thicknesses and aspect ratio of the
main body show that the ice also worked as a barrier that partially
restricted the movement of the lava flows, therefore the latter are
classified here as ice-dammed lava flows (Mathews, 1952; Edwards
and Russell, 2002; Mee et al., 2006; Conway et al., 2015; Cole et al.,
2018).

The lavas (fL) of Unit G also exhibit features that allow us to classify
them as lavas constrained by an ice barrier. These lavas are restricted to
the upper parts of the edifice showing over-thickening and forming
thick ridges in the flanks of the edifice indicating that their movement
was laterally restricted by unpreserved barriers, in this case interpreted
as ice barriers. These features in conjunction with the presence of the
cooling fractures in the lateral margin of the lavas lead us to classify
them as ice-bounded lavas (Lescinsky and Sisson, 1998; Conway et al.,
2015).

7.1.3. Syn-eruptive meltwater drainage streams

The outcrops of volcaniclastic deposits corresponding to Unit D lo-
cated in the upper Agrio River were previously interpreted as pyroclas-
tic surge deposits belonging to a “pre-glacial stage” (Sruoga and Consoli,
2011a; Caselli et al., 2016a), while those corresponding to Unit G were
not identified previously.

Several examples of bedded volcaniclastic deposits have been recog-
nized in glaciovolcanic sequences interpreted as syn-eruptive deposits
forming by meltwater drainage streams (e.g. Loughlin, 2002; Tuffen
et al., 2002; Harder and Russell, 2007; Skilling, 2009; Cole et al., 2018;
Lachowycz et al., 2015). A syn-genetic relationship with the overlying
ice-confined lavas is proposed for bLT based on the dominant composi-
tion of fragments of similar lavas added to the close spatial association
and contact between both units. Thus, the volcaniclastic deposits
formed by bedded lapilli tuff (bLT) located underlying the ice-
confined lavas of units D and G were likely emplaced by meltwater
drainage streams.

The bLT lithofacies contains evidence of soft-sediment deformation
that indicates deposition in a water-saturated setting. Although soft-
sediment deformation is common in wet pyroclastic surge deposits
(Moorhouse and White, 2016), the lack of any distinctive features of
this type in bLT, such as impact sag structures associated with block-
size fragments, accretionary lapilli, armoured lapilli or fine ash-
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Fig. 13. a. Schematic illustration of the growth of the edifice from eruptions beneath an englacial lake (emplacement of units B and C). T1: Emplacement of pillow lavas (pL) from eruption
beneath a thick impermeable ice sheet that generate meltwater accumulation. T2: Pillow fragment-bearing tuff-breccias (pTB) are emplaced from the gravitational collapse of the growing
pillow lava accumulation beneath the formed englacial lake. T3: The growing edifice exceeds the surface of the englacial lake emitting subaerial lavas (cL) that flow from the vent to the
shoreline and ultimate enter the lake forming a lava-fed delta composed by dipping succession of pillow fragment-bearing tuff-breccias (pTB) interbedded with irregular massive lavas.
The eruptive style is characterized (at least at times) by the formation of lava-fountain that feeds the clastogenic lavas (cgL). b. Schematic illustration of the emplacement of ice-confined
lavas and syn-eruptive meltwater drainage streams deposits (units D and G). T1: Subaerial lava flow comes into contact with ice generating meltwater that flows subglacially forming a
drainage streams T2: The movement of the lava flow is partially restricted generating its over-thickening and the lava is rapidly cooled developing characteristic cooling fractures. The
drainage streams transported and deposited the fragmental material generated by the lava/ice interaction plus previous lithic clasts forming the bedded lapilli tuff (bLT). T3: The lava
flow producing the withdrawal of the glacier and advances covering the bedded lapilli tuff (bLT) and generating soft-sediment deformation by overload. T4: After the cessation of volcanic

activity the glacier recover their original extension.

draping beds (Cas and Wright, 1987; Moorhouse and White, 2016; Cole
et al,, 2018), makes this origin unlikely.

The general features of the bedded lapilli tuff lithofacies in conjunc-
tion with evidence of interaction with ice of the spatially related lavas
(see above) connotes that emplacement of the D and G units
(Fig. 13b) proceeded as follows. When the subaerial lava interacted
with the glacier a significant amount of meltwater was generated and
drained subglacially. The streams transported and deposited the frag-
mental material generated by the lava/ice interaction plus previous
lithic clasts. The bedded characteristics support a progressive deposition
with fluctuating aggradation rates (McPhie et al., 1993; Harder and
Russell, 2007). Despite being partially confined by the ice, lava advances
caused the withdrawal of the glacier, covering the volcaniclastic deposit
and producing the soft-sediment deformation by overloading. After the
cessation of volcanic activity the glaciers recovered their original extent.

7.1.4. Subglacial lavas

Some of the lavas of Unit E were previously included in a “syn-glacial
stage” by Melnick et al. (2006). These authors proposed a subglacial or-
igin for these lavas. We agree with this interpretation extending it to all
the lava bodies that form Unit E. The carapace of glassy dark texture and

the cooling fractures with fan arrays in their orientation support the
subglacial emplacement setting (Mathews, 1958; Hickson, 2000;
Lescinsky and Fink, 2000).

In this context, the distinctive elongated morphologies that are
exhibited by some lavas of Unit E indicatethat these probably were
emplaced in tunnels carved in the ice, analogous to esker-like lava
flows (e.g. Hickson, 2000; Lescinsky and Fink, 2000; Kelman et al.,
2002; Smellie, 2013; Conway et al., 2015; Smellie and Edwards,
2016). This type of landform is usually interpreted as lava flows dis-
connected from the vent rather than flank eruptions (Smellie, 2013;
Smellie and Edwards, 2016). The lack of pillow lavas and pillow
fragment-bearing breccias related to the lava bodies of Unit E sug-
gest an ineffective accumulation of meltwater due to the drainage
through subglacial tunnels and a subsequent decrease in water-
magma interaction (Smellie and Skilling, 1994; Lescinsky and Fink,
2000; Loughlin, 2002; Stevenson et al., 2009; Lachowycz et al,,
2015; Smellie and Edwards, 2016).

In the case of the lava bodies with low aspect ratios, an origin related
to subglacial flank eruption, similar to subglacial domes, cannot be ruled
out (Lescinsky and Fink, 2000; Kelman et al., 2002; Smellie and
Edwards, 2016).
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7.2. Paleoclimatic implications

The englacial lake in which Unit B was emplaced required ponding of
meltwater, thus the thickness of the overlying ice must have been
enough to become impermeable and form a hydraulic seal that inhibits
drainage (Stevenson et al., 2009). “Thick ice” is usually defined as
>150 m thick (Smellie and Skilling, 1994; Smellie, 2001), although
Stevenson et al. (2009) suggest that thicknesses >300 m are necessary
to efficiently accumulate meltwater, especially in steep topography. Ab-
solute values of ice thickness (although relativity inaccurate) can be es-
timated by measuring the volatile content (H,0 and CO,) in volcanic
glass erupted subglacially to obtain eruption pressures (Dixon et al.,
2002; Schopka et al., 2006; Edwards et al., 2009; Tuffen et al., 2010;
Owen et al., 2012) or from the elevation of the subaqueous-subaerial
limit or passage zone (Smellie, 2000, 2008; Smellie et al., 2011; Russell
etal., 2013; Edwards et al., 2009). In the second case the value obtained
represents only the level of the englacial lake coeval with the eruption
providing a minimum ice sheet thickness (Smellie, 2000; Russell et al.,
2013).

On the eastern flank of Copahue volcano the limit between units B
and C that represents the subaqueous-subaerial limit is located at
~2520 m a.s.l. If we consider a pre-eruptive topography without major
variations, a rough ice thickness estimation can be made using the posi-
tion of the base of unit B in the Puc6n Mahuida area (~2180 m asl),
resulting in a minimum ice cap thickness of ~340 m. This value is consis-
tent with the thicknesses estimated by Gonzalez Diaz (2003, 2005),
who proposed an ice cap up to 500-800 m in the interior of the
Caviahue caldera. According to this author, the ice cap had outlet gla-
ciers that exceeded the rim of the caldera and flowed down to the
north, east and south (the west rim is occupied by the Copahue vol-
cano). The caldera rim reaches up to 2250 m a.s.l., which could be con-
sidered a minimum ice cap elevation level, slightly lower than that
estimated from the passage zone.

The same glacial period continued affecting the area until the em-
placement of the units D and E. However, a period of non-volcanic activ-
ity must have occurred to enable the significant erosion that affects
units B and C. Although erosion can occur simultaneously to the edifice
growth, the more aggressive erosion occurred during non-eruptive
phases (e.g. Karatson et al., 2012).

The evidence of efficient drainage that inhibited ponding of the
meltwater in units D and E indicates that the thickness of the ice during
their emplacement was lower than in the case of Unit B (Smellie and
Skilling, 1994; Lescinsky and Fink, 2000; Loughlin, 2002; Stevenson
etal., 2006; Smellie et al., 2011). Therefore, we propose a stage of glacial
recession for the time of the emplacement of units D and E.

The glaciovolcanic features of Unit G record a younger glacial period
separated from the previous one by an interglacial period in which the
subaerial lavas of Unit F were emitted. The basal volcaniclastic deposit
related with the drainage of the meltwater produced by the lava/ice in-
teraction indicates a glacial setting with relatively thin permeable ice
<150 m thick (Smellie and Skilling, 1994; Lescinsky and Fink, 2000;
Loughlin, 2002; Stevenson et al., 2006; Smellie et al., 2011). The appar-
ent lateral confinement and restricted position in the upper parts of the
edifice forming ridges of lava flows in Unit G, along with the evidence of
lava-ice interaction, supports this interpretation and indicates that the
lava flows were restricted by the presence of glaciers (Lescinsky and

Sisson, 1998; Conway et al., 2015). Thus, the second glacial period re-
lated to Unit G would have been less significant than the previous one,
probably characterized by the development of the valley glaciers fed
from the top of the edifice in contrast to the oldest thick ice cap.

The interpretations discussed above support the original interpreta-
tion of the development of two glaciations in the Copahue-Caviahue
area during the late Pleistocene (Groeber, 1925), in contrast to the
most recent proposal of a single glaciation (Gonzalez Diaz, 2003). We
suggest that the oldest and more significant glaciation during which
units B, C, D, and E were emplaced, corresponds to the single glaciation
proposed by Gonzalez Diaz (2003) and with the first glaciation pro-
posed by Groeber (1925). Bermudez and Delpino (1999) measured an
age of 30 ka on a fluvioglacial deposit likely associated with the first
main glacial period. Zech et al. (2017) found evidence of glacial activity
at ~45-40 and ~21-18 ka in the Rucachoroi valley, ~150 km southward
from the Copahue volcano. Therefore, this first glacial expansion ap-
pears to have been generated between the end of the Marine Isotope
Stage 3 (MIS 3, between 57 and 29 ka; Darvill et al., 2015; Hein et al.,
2017) and the Last Glacial Maximum period (LGM, between 26.5 and
19.0 ka; Clark et al., 2009).

The younger glacial period recorded by Unit G corresponds to the
second glaciation of the original proposal of Groeber (1925). Based on
the glacial activity recorded in Patagonia during the late Pleistocene,
this less extensive glacial period can be associated with the late glacial
advances during the Antarctic Cold Reversal (ACR) occurred during
14.5-12.9 ka (Strelin et al., 2011; Garcia et al., 2012; Sagredo et al.,
2018; Zech et al., 2017).

The available geochronological data of the Copahue volcano (Linares
et al., 1999) indicate older ages than those interpreted in the present
work from the glaciovolcanic evidence. However, the new age obtained
for the oldest Las Mellizas volcanic sequence (125 ka; Sruoga and
Consoli, 2011b) implies that de Copahue volcano is younger than Mid-
dle Pleistocene and highlights the need for new geochronology covering
the entire edifice.

7.3. Glaciovolcanic evolution of the Copahue volcano

Evolution of the Copahue volcano is closely linked to glacial and
inter-glacial periods developed during the last glaciation of the late
Pleistocene (Fig. 14). The initial stage of the S1 was dominated by effu-
sion of subaerial lava flows during the early-middle Pleistocene (Unit A,
Fig. 14a). During the late Pleistocene an important glacial period began
that determined the environmental setting in which units B, C, D and E
were emplaced. The first glaciovolcanic activity recorded in the stratig-
raphy of Copahue Volcano occurs below a thick ice cap generating an
englacial lake under which the volcanic edifice started to grow (Unit
B, Fig. 14b). As the edifice emerged from the englacial lake, the erup-
tions changed to subaerial effusive emissions of lava flows (Unit
C) that reached the shoreline of the lake forming a lava-fed delta
(Fig. 14c). After this eruptive stage, a non-eruptive period started in
which glacial erosion became more effective and heralded a major ero-
sive phase (Fig. 14d). This period should have been relatively short but
with high rates of erosion, since the initial stage of the began while the
ice cap was still significant, but probably retreating. In this setting, lava
flows emitted in a subaerial central position of the edifice interacted
downstream with the ice, being partially dammed (Unit D, Fig. 14e).

Fig. 14. Schematic illustration of the step-by-step model proposed for the evolution of the Copahue volcano. a. T1: Initial stage dominated by effusion of subaerial lava flows (Unit A). b. T2:
Establishment of an important glacial period characterized by the development of a thick ice sheet in the whole Caviahue caldera. In this setting, the volcanic activity begins below the ice
generating an englacial lake under which the edifice grow from the emplacement of pillow lavas (pL) and pillow fragment-bearing tuff-breccias (pTB; Unit B). c. T3: The edifice emerge
from the englacial lake and begins to emit subaerial lava flows (Unit C) that flowed to reach de shoreline of the lake forming a foreset of a lava-fed delta composed by pillow fragment-
bearing tuff-breccias (pTB) interbedded with irregular massive lavas. d. T4: Non-eruptive period in which glacial erosion becomes more effective developed a major erosive phase that acts
as the limit between the S1 and S2. e. T5: Glacial shrink stage (thin ice) during which lava flows subaerially emitted interact downstream with the ice, being partially dammed (Unit D).
Syn-eruptive meltwater drainage streams deposits composed of bedded lapilli tuff (bLT) are also emplaced. At this times a series of subglacial flank eruptions also occurred (Unit E). f. T6:
Interglacial period represented by emission of lavas that flow along the flanks of the edifice (Unit F). g. T7: Younger glacial period characterized by thin valley glaciers during which lava
flows are emitted from the top of the edifice and are partially constrain by ice (Unit G). h. T8: Post-glaciation stage characterized by fissure emission of aa lavas (Unit H) and, in historical
times, by phreatic-phreatomagmatic eruptions recorded by the volcaniclastic deposits grouped in Unit I.
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At this time a series of subglacial flank eruptions also occurred (Unit E).
Later, a warmer interglacial period was established during which the
volcanic activity was represented by effusive eruptions that emitted
lava flows down along the flanks of the edifice without either confine-
ment and/or interaction with ice (Unit F, Fig. 14f). The previous warmer
setting was replaced by a younger glacial period (ACR; ~14.5-12.9 ka?)
characterized by valley glaciers. These partially constrained the move-
ment of the coeval lava flows resulting in their over-thickening and
restricting them to the upper parts of the edifice (Unit G, Fig. 14g).
With the end of this younger glacial period, a post-glaciation stage char-
acterized by fissure emission of aa lavas (Unit H) initiated. Finally, in his-
torical times, dominantly phreatic-phreatomagmatic activity occurred
within the currently active crater, recorded by Unit I (Fig. 14h).

8. Concluding summary

The principal achievements of this contribution are summarized as
follows:

The evolution of the Copahue volcano is closely linked to glacial and
inter-glacial periods developed during the last upper Pleistocene glacia-
tion. Two main sequences can be identified: the Ancient Sequence (S1)
and the Young Sequence (S2), that are separated by a major erosive
phase. The sequence S1 is represented by an initial subaerial effusive
stage followed by a major glaciovolcanic stage associated with a thick
ice cap and characterized by the growth of the edifice beneath an
englacial lake and the subsequent formation of a lava-fed delta. The se-
quence S2 is represented by mainly effusive activity during periods of
glacial advances and retreat characterized by an alternation of uncon-
fined subaerial lavas and ice-confined lavas.

The new stratigraphic scheme proposed here is based on the recog-
nition of major constructive and destructive phases in the evolution of
the Copahue volcano rather than its temporal relationship with glacia-
tions. We have found glaciovolcanic and glacial features throughout
most of the Copahue volcano stratigraphy that renders the use of a strat-
igraphic criteria like pre- syn- and post- glacial sequences ineffective to
fully represent the eruptive history of the volcano.

Two glaciations are recognized in the Copahue-Caviahue area during
the late Pleistocene. During the oldest glaciation a thick ice cap
(>300 m) is proposed at least during the emplacement of units B and
C. The same glacial period continued until the emplacement of units D
and E but with glacial shrinkage and lower ice thicknesses (<150 m).
The second glacial period, registered by Unit G, was less significant
and was characterized by relatively thin (<150 m) glaciers, probably
valley glaciers. Based on the glacial history in the surrounding area we
tentatively correlate the first glaciation with the end of the Marine Iso-
tope Stage 3 (MIS 3, between 57 and 29 ka) and/or the Last Glacial Max-
imum period (LGM, between 26.5 and 19.0 ka), and the second less-
extensive glacial period with the Antarctic Cold Reversal (ACR, between
14.5 and 12.9 ka). However, new geochronological data are needed to
more accurately constrain the evolution of the Copahue volcano pre-
sented here.
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