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Magma–ice–meltwater interactions produce diverse landforms and lithofacies, reflecting themultitude of factors
that influence glaciovolcanism, including both magmatic (e.g., composition, eruption rate) and glacial (e.g., ice
thickness, thermal regime) conditions. This is exemplified by the walls of the partly ice-filled summit caldera
of Volcán Sollipulli, a stratovolcano in southern Chile, which include lithofacies from eruptions of a wide range
of magma compositions beneath or in contact with ice. Here we analyse these lithofacies and hence propose
new interpretations of the eruptive and glacial history of Sollipulli. The facies include a thick, laterally extensive
sequence of fragmental glaciovolcanic deposits, comprising massive, mafic lava pillow-bearing hyaloclastite
overlain by sills and then hyaloclastic debrisflowdeposits (similar to Dalsheidi-type sequences). The distribution
and thickness of these units indicate an unusual abundance ofmagma–meltwater interaction for an arc stratovol-
cano in temperate latitudes, perhaps due to eruptions beneath a thick ice cap. Coherent lava coulées, domes,
lobes, and stacks of basaltic andesite–trachydacite composition are present around the top of the caldera rim;
these display morphologies and fracture patterns on caldera-facing margins that indicate that the caldera was
filled with ice when these lavas were erupted. The lithofacies characterised in this study demonstrate the diver-
sity of glaciovolcanism that is possible at arc stratovolcanoes capped by temperate ice or with ice-filled calderas,
and the potential for uncertainties in inference of the palaeoenvironmental conditions of their emplacement.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Glaciovolcanism, the interaction between erupting magma and ice
(in any form) and the resulting meltwater, is a widespread phenome-
non on Earth and Mars (Smellie and Chapman, 2002), the significance
of which is increasingly being recognised (Russell et al., 2014). For
example, such activity can generate or exacerbate certain volcanic
hazards (Tuffen, 2010), such as lahars and floods (e.g., Major and
Newhall, 1989), edifice collapse (e.g., Huggel, 2009), and secondary
phreatomagmatic explosions (e.g., Belousov et al., 2011). The responses
of these hazards and rates of volcanism to past glacial cycles and future
climate change are poorly constrained (Tuffen, 2010; Watt et al., 2013).
Furthermore, volcano–ice interactions create a distinctive and wide-
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ranging suite of landforms (e.g., Smellie, 2009, 2013; Russell et al.,
2014) and lithofacies (e.g., Smellie et al., 1993; Loughlin, 2002;
Skilling, 2009), which are an invaluable source of terrestrial
palaeoenvironmental information (e.g., palaeoice distribution,
thickness, and thermal regime: e.g., Smellie, 2009; Tuffen et al.,
2010; Smellie et al., 2014), especially prior to the last glaciation
(e.g., McGarvie et al., 2007; Smellie et al., 2011, 2014) and on Mars
(e.g., Smellie, 2009). Detailed characterisation of the products of
glaciovolcanism in each particular setting is necessary to understand
their formation processes and the associated hazards, as well as their
palaeoenvironmental significance.

Volcano–ice interactions have been studied most extensively in
Antarctica, Iceland, and western North America. Tuyas (as defined by
Russell et al., 2014), lava-fed deltas (e.g., Skilling, 2002; Smellie et al.,
2013, 2014), and sheet-like sequences (e.g., Smellie et al., 1993;
Smellie, 2008) are the most common glaciovolcanic landforms in
these regions (Smellie, 2009, 2013), except parts of western North
America (e.g., Lescinsky and Fink, 2000; Kelman et al., 2002).
Glaciovolcanism at stratovolcanoes in continental arcs and/or at tem-
perate latitudesmay be distinct, as coherent lavaswith fracture patterns
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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and/or morphologies indicative of contact with and confinement by ice
(e.g., Lescinsky and Fink, 2000) appear to be more typical than these
landforms and fragmental glaciovolcanic lithofacies. This has been re-
ported to be the case at volcanoes including Hoodoo Mountain
(Edwards and Russell, 2002) and some in the Garibaldi Volcanic Belt
(Kelman et al., 2002) in British Columbia, Nevados de Chillán in Chile
(Mee et al., 2006, 2009), Ruapehu in New Zealand (Spörli and
Rowland, 2006; Conway et al., 2015), and the United States Cascades
(e.g., Lescinsky and Sisson, 1998; Lescinsky and Fink, 2000), although
hyaloclastite is noted locally at some volcanoes (e.g., Mee et al., 2009;
Schmidt and Grunder, 2009). This difference has been attributed to
the comparative rarity of considerable interaction with meltwater
(e.g., producing pillow lava or hyaloclastic or phreatomagmatic brec-
cia/tuff: e.g., Loughlin, 2002) in the latter case (Lescinsky and Fink,
2000; Kelman et al., 2002). This was suggested to reflect felsic magmas
and alpine-type glacial regimes generally being common at such volca-
noes (e.g., in the Andes: Stern, 2004; Rabassa, 2008; Rivera and Bown,
2013): more silicic magmas melt relatively little ice, and meltwater
can drain more readily from beneath alpine-type glaciers than ice
caps or sheets (Höskuldsson and Sparks, 1997; Kelman et al., 2002);
meltwater retention is more likely to be the limiting factor (Stevenson
et al., 2009). Nevertheless, it is unclear whether this is a genuine
difference between Antarctic or Icelandic and most continental arc
glaciovolcanism, or simply a reflection of the relatively few studies of
the latter.

In this study, we analyse and interpret glaciovolcanic lithofacies
observed on Volcán Sollipulli, a glaciated (i.e., previously glacierised)
stratovolcano in southern Chile with a summit caldera that is currently
partially filledwith ice. In contrast tomost of the fewprevious studies of
glaciovolcanism at arc stratovolcanoes, the eruption products described
result from diverse magma compositions, and include both an exten-
sively distributed variety of fragmental glaciovolcanic lithofacies and
examples of interaction between lava and intra-caldera ice.

2. Volcán Sollipulli

2.1. Geological and glaciological context

Sollipulli lies in the central sector of the Andean Southern Volcanic
Zone (SVZ) of Chile and Argentina (at 38.97°S, 71.52°W), ~25 km east
of the volcanic front between Llaima and Villarrica volcanoes (Fig. 1).
The geological setting of volcanism and the history of explosive erup-
tions in this region have been reviewed by Stern (2004) and Fontijn
et al. (2014) respectively. Of the 74 volcanic centres in southern Chile
and Argentina that are thought to have been active since the last glacial
period (Fontijn et al., 2014), Sollipulli is one of the 43 that are at least
partly ice-covered at present, and one of the (at least) 20 volcanoes
known or suspected to have an ice-filled summit crater or caldera
(Siebert et al., 2010; Rivera and Bown, 2013) (Fig. 1; listed in Supple-
mentary File 1). The ~4 km wide caldera at Sollipulli (Fig. 2) contained
an estimated 4.5 ± 0.5 km3 of ice to a maximum depth of 593 ± 59 m
in February 2011 (Hobbs, 2014), which has reduced in extent and
depth over at least the last 50 years (Rivera and Bown, 2013; Hobbs,
2014). Permanent ice is currently almost absent from the flanks of the
volcano (Fig. 2), but there is seasonal snow cover. The volcanoes of
Fig. 1.Map of southern Chile showing the volcanic centres of the Andean Southern Volcanic
Zone (SVZ) andAustral Volcanic Zone (AVZ) forwhich there is evidence of activity since local
glacial retreat (listed in Supplementary File 1;modified from Fontijn et al., 2014). The volca-
noes are classified by the timing of their most recent known eruption and the presence of
glaciers or an ice-filled crater (≤1 km diameter) or caldera (N1 km) (Siebert et al., 2010; Ri-
vera and Bown, 2013); the abundance of glacierised volcanoes shows the considerable po-
tential for glaciovolcanism in this region (Section 2.1). The labelled volcanoes are referred
to in this paper. Some regional tectonic features that are potentially a significant control on
the location of volcanism are also delineated (Bird, 2003; Stern, 2004; Matthews et al.,
2011), e.g. the Liquiñe-Ofqui Fault Zone (LOFZ; López-Escobar et al., 1995). The geographical
data are from Natural Earth (naturalearthdata.com).

Image of Fig. 1


Fig. 2. (a) Orthorectified ASTER false colour (RGB321) image (USGS and Japan ASTER program, 2012) taken in February 2005,which shows the upper flanks and summit caldera of Volcán
Sollipulli. Note the ice-filled caldera and the scarcity of snow cover on the flanks (Section 2.1). (b) A topographic map of the same area, overlain by our interpretation of the geology, up-
dated from those presented by previous studies (Naranjo et al., 1993a; Gilbert et al., 1996; Murphy, 1996) (Section 2.2); the mapped units are summarised in Table 1. The geology away
from the caldera rim is largely poorly constrained. The red lines indicate the sectors of the caldera wall shown in Figs. 4a and 10a. (c) A map of the topography and selected geomorpho-
logical features in the same area. The ice extent in the satellite image ismapped, alongwith glacial scarps and till deposits, from satellite and aerial imagery; the latter constrain the extent
and timing of past glaciation in the summit region (Section 2.3). Some of the labelled locations are referred to in the text.

Fig. 3. Total alkali–silica plot (Le Bas et al., 1985) of the whole rock composition of speci-
mens from some of the sequences/units listed in Table 1 and described in Section 3. All the
data are component oxide weight percentages measured by X-ray fluorescence,
recalculated to consider loss on ignition (except when this is negative). The new data
presented are for samples prepared using the method of Ramsey et al. (1995) and
analysed at the Department of Geology, University of Leicester. Note the clear trendswith-
in and mostly distinct nature of the composition of the majority of the sequences/units.
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the southern Andes were covered by ice at the Last Glacial Maximum
(LGM, ~26.5–18 ka here) (Glasser et al., 2008; Clark et al., 2009; Watt
et al., 2013); the extent and timing of prior glacierisations are poorly
constrained (Rabassa, 2008), despite the importance of understanding
glacial variations in southern South America for palaeoclimatology
(e.g., Hulton et al., 2002; Glasser et al., 2008). Glaciovolcanism could
provide significant data on past glaciation, yet there are few published
studies of volcano–ice interaction in this region (Gilbert et al., 1996;
Mee et al., 2006, 2009).

2.2. Eruptive history

Sollipulli has erupted awide range ofmagma compositions, fromba-
salt to trachydacite (Fig. 3). The oldest volcanic rocks on Sollipulli are
thought to be Pleistocene in age, and erupted due tomigration of volca-
nism away from the Nevados de Sollipulli complex, which forms a ridge
to thewest of Volcán Sollipulli (Fig. 2) (Naranjo et al., 1993a). The age of
the caldera has not previously been constrained; no major pyroclastic
units have been attributed to Sollipulli other than those of the post-
caldera Alpehué Plinian eruption (Naranjo et al., 1993a; Fontijn et al.,
2014), so the caldera is thought to have formed by a non-explosive
mechanism (Gilbert et al., 1996). The main eruptive sequences that
have been identified are summarised in Table 1, which includes new
Ar–Ar and modelled radiocarbon dates for units in some of these se-
quences; supporting data for these are provided in Supplementary

Image of Fig. 2
Image of Fig. 3


Table 1
Summary of the main parts of the stratigraphy of the upper flanks of Sollipulli, modified from Gilbert et al. (1996) to incorporate data from Naranjo et al. (1993a), Murphy (1996), De
Vleeschouwer (2002), Fontijn et al. (in preparation), Jara and Moreno (in preparation), and this study.

Sequence/unit Age constraints Compositiong Description Interpretation

Stratigraphy Radiometric dating

Chufquén Overlies all other units. 633 ± 87 cal yr BPa,b Basaltic andesite Scoria cones on the upper NE
flank, with a ~6.5 km long ‘aʻā
lava; scoria fall across NE flank.

Subaerial eruption;
monogenetic.

Alpehué Post-CFE: tephra overlies
circum-caldera lava sequence.

2938 ± 110 cal yr BPa,c Trachydacite mixed
with basaltic andesite

Pumice-rich tephra fall to the
north and east of caldera,
pyroclastic density current
deposits to the south and NW, and
lahar deposits to NW.

Plinian eruption.

Redondo Pre-Alpehué: Alpehué tephra
found on summit of scoria cone.

Basalt Scoria cone on the north flank,
with a ~3.5 km long ‘aʻā lava.

Subaerial eruption;
monogenetic.

Circum-caldera
(Section 3.4)

Post-CFE: vents are located on
the caldera rim; evidence for
interaction with intra-caldera
ice.

26 ± 5 kad, 64 ± 15 kaf,
68 ± 14 kad

Basaltic andesite to
trachydacite

Fractured lava domes, coulées,
lobes, and sheets on the caldera
rim, often overlain by thin ‘aʻā
lavas.

Lavas extruded from a ring
dyke, and either
constrained by ice or
erupted subaerially above
the ice level.

Chufquén valley
(Section 3.3)

Post-date the erosion of the
Chufquén valley, so considerable
time after the Sharkfin
sequence.

Basaltic andesite Fractured or marginally
brecciated lavas in the upper
Chufquén valley.

Subaerial, flooded, and
ice-constrained effusive
eruptions.

Northwest Overlain by the circum-caldera
lavas. Appears to overlie the
Sharkfin sequence. Prior to CFE?

100 ± 30 kae, 110 ± 30 kae,
120 ± 14 kaf, 120 ± 16 kaf

Dacite (and andesite?)
with mafic inclusions

Thin ‘aʻā lavas, with a few
fractured lavas from a later flank
eruption. The top of the sequence
has glacial striae.

Subaerial effusive
eruptions. Glacial advance
after lava emplacement.

Sharkfin
(Section 3.2)

Pre-CFE: forms part of the
caldera walls. Overlain by the
circum-caldera lava sequence.

350 ± 90 kad, 700 ± 140
kad

Basalt to basaltic
andesite

Thin ‘aʻā lavas, pillow lava and
palagonitised tuff-breccias, and
palagonitised debris flow deposits
with scoria units; abundant
intrusions.

Predominantly
subglacial/subaqueous
eruptions.

Other scoria cones Unconstrained Basalt to basaltic
andesite?

Other scoria cones, some with
lavas.

Eruptions similar to the
Chufquén and Redondo
cone-forming events.

Nevados de
Sollipulli

Assumed Pliocene/Pleistocene. 312 ± 20 kae, 490 ± 30 kaf Basaltic andesite to
dacite?

Composite ridge of multiple
sequences of lavas and
tuff-breccias, possibly including
hyaloclastite.

Various subaerial and/or
subglacial eruptions.

CFE = caldera-forming event.
a14C dates calibrated in OxCal v4.2.4 (Bronk Ramsey, 2009) using the SHCal13 atmospheric calibration curve (Hogg et al., 2013); 2σ confidence interval.
bSingle date from Naranjo et al. (1993a) (Supplementary File 3).
cDate for eruption from Bayesian modelling (in OxCal v4.2.4) incorporating multiple dates and stratigraphic constraints (Supplementary File 3).
dPlateau Ar–Ar dates obtained from groundmass samples for this study (Supplementary File 2); 2σ confidence interval.
ePlateau and fisochron Ar–Ar dates from groundmass samples to be published in Jara and Moreno (in preparation); 2σ confidence interval.
gThe whole-rock composition ranges of most of these sequences/units are shown in Fig. 3.
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Files 2 and 3. The approximate distributions of some of the main
sequences, inferred from aerial and satellite imagery with limited
ground-truthing, are shown in Fig. 2b.

Earlier work on Sollipulli (Gilbert et al., 1996; Murphy, 1996) noted
evidence of glaciovolcanism, and deduced changes in ice thickness
through the eruptive history. However, the stratigraphy we examine
here has not previously been described and interpreted in detail. We
focus on the lava and fragmental lithofacies units that are exposed on
thewalls of the east to south sectors of the caldera and in the uppermost
Chufquén valley (Fig. 2), which mostly comprise the ‘Sharkfin’, ‘South’,
and ‘Peak’ units described by Gilbert et al. (1996). The pre-caldera
Sharkfin sequence was previously interpreted as deposits from subgla-
cial or subaqueous eruptions that became subaerial. The South and
(overlying) Peak units, hereafter grouped as the ‘circum-caldera’ lava
sequence (similar to Murphy (1996)), were respectively interpreted
as ice-constrained and subaerial lavas emplaced on the margin of the
caldera after it had formed (Gilbert et al., 1996).

2.3. Geomorphological constraints on glacial history

From aerial and satellite imagery, we map several till deposits and
numerous scarps on the upper flanks of Sollipulli (Fig. 2c). With the ex-
ception of those forming thewalls of the caldera and the Alpehué crater,
the scarps are roughly slope-parallel (i.e., mostly radiate from the
caldera);we infer that these originate fromglaciation.With further geo-
logical mapping and radiometric dating, the relationships between
these features and the geology with which they are associated could
constrain the timing and extent of glaciation of the volcano, to comple-
ment inferences from the evidence of glaciovolcanism. For example,
most of the young till deposits mapped in Fig. 2c appear to overlie
pumice deposits from the Alpehué eruption, and possibly also scoria
from the Chufquén eruption in the Chufquén and East valleys (Figs. 2b
and 2c). This suggests that these till depositsmark themaximumextent
of glaciers in the past ~2.9 kyr, or possibly the past ~630 yr, considering
the dates of those eruptions (Table 1). The Chufquén and East valleys
themselves have eroded through the Sharkfin sequence, so must post-
date its emplacement b ~350 kyr ago (Table 1), and the Chufquén valley
must pre-date the eruption of the (undated) Chufquén valley lavas.

3. Lithofacies and sequence descriptions

3.1. Lithofacies classification

We recognise 16 discrete volcanic lithofacies in the eruptive se-
quences described in this article; a summary description and interpreta-
tion and the assigned code for each lithofacies are listed in Table 2. No
glaciogenic deposits were identified within the sequences studied. The
grain size and classification terms used are as defined for primary
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volcaniclastic rocks byWhite and Houghton (2006). Discrete classifica-
tion of the lithofacies in the Sharkfin sequence (Section 3.2) is challeng-
ing due to their diversity and complex associations, typical of some
glaciovolcanic sequences (e.g., Smellie et al., 1993; Loughlin, 2002;
Skilling, 2002). We distinguish lava, tuff-breccia, lapilli-tuff, and tuff;
lavas are differentiated by morphology, and fragmental deposits by
their componentry and then sorting, association, or composition.
Some of the lithofacies accompany one another (e.g., coherent lava
with lava margin tuff-breccia), but not exclusively, so they are not
grouped together. Some additional subdivisions were rejected because
the resulting lithofacies would be distinguished only by characteristics
that are not always present (e.g., bedforms) or can be ambiguous
(e.g., stratigraphic context).

This classification scheme is similar to those of (for example)
Loughlin (2002), Skilling (2009), and Watton et al. (2013). In contrast
to those studies, we do not use hyaloclastite as a lithofacies descriptor
(despite many of the palagonite-bearing lithofacies being interpreted
as hyaloclastic), due to its genetic connotations. The term hyaloclastite
has previously been ascribed to a variety of volcaniclastic rock types
formed both by primary fragmentation and reworking, as outlined by
Watton et al. (2013). Here it is used as prescribed by Rittman (1958),
for deposits that are thought to result from predominantly passive
(quench and mechanical) magma fragmentation, with only relatively
limited explosive lava–water interaction (e.g., Skilling, 2009; Watton
et al., 2013), but also including those locally remobilised (Watton
et al., 2013). However, some studies have argued or assumed that
(phreato)magmatic fragmentation is the dominant process forming
such rocks (e.g., Tuffen, 2007; Edwards and Russell, 2011; Pollock
et al., 2014).

3.2. Sharkfin sequence

We subdivide the Sharkfin sequence into three main subsequences,
described below; the stratigraphy (including that of the circum-caldera
lavaswhere overlying this sequence) in the areas studied is summarised
in Fig. 4.

3.2.1. Sharkfin lava subsequence
This subsequence is principally present at the bottom of the Sharkfin

sequence in the SE sector of the calderawall (Fig. 4a), but is occasionally
also above the hyaloclastite subsequence (Fig. 4d). It predominantly
comprises porphyritic basaltic ‘aʼā lavas of varying vesicularity and
(plagioclase, olivine, and minor clinopyroxene) phenocryst content; a
representative exposure is presented in Fig. 5. The coherent lava units,
usually cut into sub-metre-sized blocks by irregular fractures, range in
thickness from ~0.3–1.5 m, and are bounded by tuff-breccia units of a
similar thickness range (Fig. 5a). This tuff-breccia, which is generally
clast-supported, is composed of poorly sorted, often scoriaceous
lapilli- to block-sized angular lava fragments in a typically uniform,
oxidised matrix, which comprises ash- to fine lapilli-sized glass and
crystal fragments (Fig. 5b). The majority of the finest-grained compo-
nent of this matrix is palagonitised glass, which is uniformly distributed
within the breccia. Some of the lava-breccia packages are separated by a
b0.5 m thick layer of well-sorted medium ash- to fine lapilli-sized
palagonitised glass and crystal fragments. These layers infill cavities in
underlying units and appear to have been altered/oxidised where in
proximity to and partly mixed with the overlying lava margin deposits
(Figs. 5b and 5c). This overlying unit of lapilli-tuff has a higher propor-
tion of smaller clasts and a lower clast:matrix ratio than the tuff-
breccia elsewhere in the subsequence (Fig. 5b).

The top of this subsequence is delineated by the first occurrence of
massive palagonitised tuff-breccia or lapilli-tuff (hyaloclastite subse-
quence: Section 3.2.2), which sometimes cross-cuts the uppermost
lavas (Fig. 4d). There is no evidence of grading or apophyses of the
lava into the hyaloclastite, which are often present in Mt Pinafore-type
(sheet-like) sequences (Smellie et al., 1993; Smellie and Skilling,
1994). The base of the subsequence is not exposed; the largest exposure
of these lavas is at least ~11 m thick (Fig. 4g). All but the thinnest units
appear to be laterally continuous in the caldera wall for at least several
metres (e.g., Fig. 4e), but it is not possible to confidently correlate indi-
vidual units between themain outcrops. The downslope continuation of
the subsequence was not confirmed due to the inaccessibility of the
slopes. The main outcrops in the caldera walls were not described by
Gilbert et al. (1996) because they have been exposed by the intra-
caldera ice retreat since this earlier study (Hobbs, 2014).

3.2.2. Sharkfin hyaloclastite subsequence
This subsequence mostly comprises pillow lava and massive tuff-

breccia containing poorly sorted, lapilli- to block-sizedmonomict angu-
lar lava clasts (some discernible as pillow fragments) in a palagonitised
matrix. This matrix is composed of medium ash- to fine lapilli-sized
palagonitised glass and crystal fragments; matrix-dominated
(i.e., palagonitised lapilli-tuff and tuff) lithofacies are present, but rela-
tively uncommon. Example outcrops are shown in Fig. 6. The lava com-
ponents are of basalt to basaltic andesite composition, with occasional
plagioclase, olivine, andminor clinopyroxene phenocrysts and, notably,
variable vesicularity (from 0% to ~60%; e.g., compare Fig. 6b and Fig. 6f).
There is considerable spatial variation (usually gradational) in pillow
form (e.g., shape, fracturing, and fragmentation extent) and size, and
clast size distribution and clast:matrix ratio, but no consistent stratigra-
phy (e.g., Fig. 6a). The lithofacies present form a continuum from
fractured irregular lava pillows (up to ~1 m tall and a few metres
long; e.g., Fig. 6b) through increasingly disaggregated lava masses
(e.g., Fig. 6c) to angular to subrounded lava fragments (e.g., Fig. 6d), in
an increasing proportion of matrix. Where they appear to be in situ,
the lava pillows have highly fragmented margins, for example
surrounded by tuff-breccia that is increasingly rich in palagonitisedma-
trix away from the pillow centre (Fig. 6b) or by fragments of chilled
margin (Fig. 6f), irrespective of the vesicularity of the lava. In places,
pillows are isolated in tuff-breccia (i.e., matrix supported); a range of
pillow:breccia ratios are observed (e.g., compare Fig. 6c and Fig. 6e).
Pillow-bearing or clast-rich tuff-breccia can occasionally be found as
lenses or sheets within palagonitised lapilli-tuff/tuff sorted to varying
extents (Fig. 6g). The frequent gradational spatial variations in
lithofacies mean that it is not possible to correlate units within this sub-
sequence between outcrops.

Most of the studied outcrops of this subsequence are cut by dykes,
the majority of which are b2 m in width and similar in composition to
the lava pillows and clasts in the tuff-breccia or lapilli-tuff. Some
of these dykes appear to feed lava pillows or upper parts of the subse-
quence (e.g., Fig. 4d), and some are truncated at the contact with the
overlying debris flow subsequence (e.g., Fig. 6g). Groundmass samples
from two of these truncated dykes (marked on Fig. 4) have been Ar–
Ar dated by the method outlined in Arancibia et al. (2006) to 350 ±
90 and 700 ± 140 ka (Supplementary File 2). The former of these coin-
cides with a cool marine isotope stage during a glacial period (MIS 10,
~374–337 ka; Lisiecki and Raymo, 2005); the latter has a mean square
weighted deviation (MSWD)≪ 1 (Supplementary File 2), so is unlikely
to be robust. Therefore, the difference between the two dates does not
necessarily indicate a long hiatus between the emplacement of the
hyaloclastite and debris flow subsequences. The base of the debris
flow subsequence clearly cuts into underlying units in places
(e.g., Fig. 4b), indicating erosion of parts of the hyaloclastite subse-
quence, which may account for its variable thickness, from ~2 to
N12 m (Fig. 4g). Outcrops of this subsequence are recognised in all sec-
tors of the caldera wall where the Sharkfin sequence is exposed (Figs. 2
and 4), rather than just some parts as reported by Gilbert et al. (1996);
the additional outcrops have been exposed by the intra-caldera ice re-
treat since this earlier study (Hobbs, 2014). Lithofacies found in this
subsequence have also been recognised on the uppermost flanks that
were accessible, on the north, northeast (including at one location
~1.5 kmdown the Chufquén valley (Gilbert et al., 1996)), and east sides.



Table 2
Summary descriptions and interpretations of the discrete volcanic lithofacies identified in the outcrops studied on Sollipulli.

Lithofacies Code Occurrence Examples Description Common
associations

Interpretation

Lavas Coherent lava Lc CC, CV, SL Fig. 5
Fig. 9c

Lava with only a low density of irregular
blocky or columnar fractures, occasionally
with reddened surfaces. ~0.5 to tens of metres
thick. Commonly grades into or is bounded by
tuff-breccia or fractured lava with lava
fragments of the same composition.

BCl, Lf (Interior of) lavas emplaced
subaerially or with minimal interaction
with ice or water (e.g., beneath snow
or a freely draining thin glacier).

Highly fractured
lava

Lf CC, CV Fig. 9a
Fig. 10b

Lava that is pervasively fractured, typically in
patterns indicative of rapid cooling
(e.g., hackly), with negligible palagonite--
bearing tuff or tuff-breccia. Present towards
margins of ~1 to tens of metres thick coulées,
domes, lobes, and sheets.

Lc, BCl Lava cooled rapidly by meltwater
saturation/penetration resulting from
contact with ice. The orientation,
distribution, and pattern of fracturing
reflect the nature of the cooling front.

Pillow lava
(with minor
tuff-breccia)

Lp SH Fig. 6b Mostly intact lava pillows ~0.3 to a fewmetres
across, often elongate or irregular in shape,
irregularly or radially fractured, and/or
brecciated at their margins. b30% interstitial
palagonitised fine-grained matrix with
lapilli–block-sized angular lava fragments.

BC, BMp,
BM

Lava erupted into ponded meltwater
beneath ice, with only marginal
quench fragmentation forming
interstitial hyaloclastic tuff-breccia.

Clast-supported
tuff-breccias

Clast-supported
tuff-breccia

BC SH Fig. 6b
Fig. 6g

Predominantly clast-supported tuff-breccia
comprising poorly sorted, lapilli–block-sized
angular lava fragments in a matrix of ash–fine
lapilli-sized palagonitised glass and crystal
fragments. Bedding rare. Can grade into
and/or contain pods of matrix-supported
tuff-breccia.

Lp, BMp, BM Subaqueous lava (erupted into ponded
meltwater beneath ice), brecciated by
passive quench and mechanical
fragmentation.

Lava margin
tuff-breccia

BCl CC, CV Fig. 9c
Fig. 10g

Predominantly clast-supported tuff-breccia
comprising poorly sorted, lapilli–block-sized
angular lava fragments in a (sometimes
oxidised) matrix of ash–fine lapilli-size
fragments. Often bounds coherent lava.

Lc, Lf Marginal autobreccia of subaerial ‘aʻā
or blocky lava.

Lava margin
palagonite-bearing
tuff-breccia

BClp SL Fig. 5 Predominantly clast-supported tuff-breccia
comprising poorly sorted, lapilli–block-sized
angular lava fragments in a slightly oxidised
matrix of ash–fine lapilli-sized fragments of
crystals and partially palagonitised glass.
Bounds some coherent lava units.

Lc Marginal autobreccia of lavas, with
some palagonitised glass from quench
fragmentation and alteration due to
the presence of meltwater during
emplacement (beneath ice?).

Matrix-supported
tuff-breccias

Matrix-supported
tuff-breccia

BM SD, SH Fig. 6a
Fig. 7b

Predominantly matrix-supported tuff-breccia
comprising poorly-sorted, predominantly
block-sized, usually angular lava fragments in
a matrix of ash–fine lapilli-sized palagonitised
glass and crystal fragments. Bedding rare; can
form lenticular units.

BC, BMp, TL,
Tp

From fragmentation of lava erupted
into ponded meltwater beneath ice;
sometimes remobilised by slumping
and/or meltwater flow.

Pillow
lava-bearing
tuff-breccia

BMp SH Fig. 6c
Fig. 6e

Predominantly matrix-supported tuff-breccia
comprising isolated (typically irregular) lava
pillows and/or pillow fragments, together
with poorly sorted, predominantly block-sized
angular lava fragments in a matrix of ash–fine
lapilli-sized palagonitised glass and crystal
fragments. Bedding rare.

Lp, BC, BM Sliding or emplacement of pillows into
more fragmented primary or
remobilised deposits, and/or
brecciated by enhanced mechanical or
quench fragmentation. Subaqueous
(erupted into ponded meltwater
beneath ice).

Oxidised
scoria-bearing
tuff-breccia

BMs SD Fig. 7e Poorly sorted, lapilli–block-sized angular
scoria clasts/fragments with oxidised surfaces
in a red oxidised matrix of ash–fine
lapilli-sized fragments of scoria, crystals, and
palagonitised glass. Clast:matrix ratio highly
variable. Occasional planar bedding.

TLp, TLw,
Tb, Tp

Subaerial spatter/explosive eruption
deposits reworked in debris flows.

Lapilli-tuffs Lapilli-tuff TL SD, SH Fig. 6d Predominantly matrix-supported lapilli-tuff
comprising generally lapilli-sized, mostly
angular lava fragments in a matrix of ash–fine
lapilli-sized palagonitised glass and crystal
fragments; variable sorting. Bedding only
when associated with bedded units.

BMp, BM,
TLp

Relatively fine-grained fraction of
deposits from fragmentation of lava
erupted into ponded meltwater
beneath ice; likely remobilised by
meltwater flow.

Lava margin
palagonite-bearing
lapilli-tuff

TLlp SL Fig. 5 Predominantly matrix-supported lapilli-tuff
comprising poorly sorted, lapilli-sized angular
lava fragments in a slightly oxidised matrix of
ash–fine lapilli-sized fragments of crystals and
partially palagonitised glass. Grades into
altered palagonite-rich tuff.

Lc, TLpa Basal lapilli-tuff of lavas emplaced on a
palagonite-rich sediment layer.

Poorly sorted
palagonite-rich
lapilli-tuff

TLp SD, SH Fig. 6g
Fig. 7d

Matrix-supported lapilli-tuff comprising b30%
poorly sorted, typically lapilli-sized
subangular lava fragments, in a matrix of
ash–fine lapilli-sized palagonitised glass and
crystal fragments. Massive or (less commonly)
planar-bedded units.

TLw, Tp Subglacial eruption deposits reworked
in relatively high-energy debris flows
(due to subglacial meltwater drainage).
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Table 2 (continued)

Lithofacies Code Occurrence Examples Description Common
associations

Interpretation

Well-sorted
palagonite-rich
lapilli-tuff

TLw SD, SH Fig. 6g
Fig. 7d

Matrix-supported lapilli-tuff comprising b30%
well-sorted, typically lapilli-sized subangular
lava fragments in a matrix of ash–fine
lapilli-sized palagonitised glass and crystal
fragments. Massive, or planar-bedded units
that sometimes extend N100 m downslope.

TLp, Tp Finer-grained fractions of subglacial
eruption deposits reworked in
relatively low-energy debris flows
(due to subglacial meltwater
drainage); extensive deposits from
outburst floods.

Tuffs Palagonite-rich
tuff

Tp SD, SH, SL Fig. 5
Fig. 7b

Well-sorted ash–fine lapilli-sized fragments of
palagonitised glass and crystals, with rare lava
fragment clasts. Sometimes infills cavities in
underlying units; can also form massive or
(usually) planar-bedded units that sometimes
extend N100 m downslope.

TLp, TLw,
TLlp, BClp

Fine-grained matrix fraction of
subglacial eruption deposits reworked
in relatively low-energy debris flows
(due to subglacial meltwater
drainage); extensive deposits from
outburst floods.

Altered
palagonite-rich
tuff

Tpa SL Fig. 5 Well-sorted medium tuff–fine lapilli-tuff
comprising fragments of palagonitised glass
and crystals, increasingly altered and with
increasingly abundant lapilli–block-sized lava
clasts towards contacts with overlying lava
margin palagonite-bearing tuff-breccia.

Tp, TLlp Redeposited fine-grained matrix
fraction of subglacial eruption
deposits, which have been thermally
altered and partially mixed with the
basal lapilli-tuff of a lava flow
emplaced on top.

Bedded tuff Tb SD Fig. 7e Finely planar bedded/laminated (or
occasionally massive), very well-sorted
ash–lapilli-sized tephra. Variable
palagonitisation and lithification.

Tp, BMs Explosive subaqueous
(phreatomagmatic)? eruption
deposits. Potentially reworked.

CC = Circum-caldera lava sequence; CV = Chufquén valley lavas; SD = Sharkfin debris flow subsequence; SH = Sharkfin hyaloclastite subsequence; SL = Sharkfin lava subsequence.
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3.2.3. Sharkfin debris flow subsequence
This subsequence primarily contains massive and planar- or cross-

bedded tuff and lapilli-tuff units, comprising lava clasts in a matrix of
medium ash- to fine lapilli-sized palagonitised glass and crystal frag-
ments. Examples of the lithofacies and their relationships are shown
in Fig. 7. Both monomict and polymict lapilli-tuff and tuff-breccias are
present (e.g., Fig. 7b); the majority of clasts are fine to coarse lapilli-
sized, angular to subrounded lava fragments of similar composition to
those in the hyaloclastite subsequence. The clast:matrix ratio and extent
of sorting are variable (e.g., Figs. 7b and 7d); some units have inversely
graded bases and/or irregular elutriation pipes (containing a higher
concentration of clasts) (Gilbert et al., 1996). The matrix-supported
tuff-breccias sometimes present at the base of the subsequence are dis-
tinguishable from the tuff-breccia of the hyaloclastite subsequence by
their occurrence as discrete unitswith contrasting clast sizes and sorting
(Fig. 7b). Finely bedded, variably palagonitised/lithified, and well-
sorted ash/tuff and lapilli/lapilli tuff units, which sometimes contain
lenses of tuff-breccia lithofacies, are observed in some outcrops towards
themiddle of the subsequence (Fig. 7e). Note that ash-lapilli units do not
form the upper units of the subsequence, as thought by Gilbert et al.
(1996), which are in fact palagonitised tuff/lapilli-tuff (Figs. 7c and 7d).

Two (or occasionally more) distinctive scoria-bearing units, of high-
ly variable thickness up to ~1.5 m, are present close together in the
lower to middle part of this subsequence in most outcrops (see parts
of Figs. 4, 7, and 8). These comprise a variable proportion of lapilli- to
block-sized oxidised scoria clasts in a matrix that is typically similar
in texture to the surrounding units, but with an oxidised component.
A dissected scoria cone is present in the NNE caldera wall at approxi-
mately the same stratigraphic level as the adjacent debris flow subse-
quence deposits, but these scoria-bearing units cannot be confidently
attributed to this; other possible source scoria cones are present on
the upper flanks (Fig. 2b). These units are significant asmarker horizons
to correlate outcrops of this subsequence. Some other individual units
are traceable for tens of metres, both in the caldera rim outcrops and
downslope (e.g., Figs. 7a and 7c); these sheet deposits are interspersed
with some less extensive units, apparently either eroded (e.g., Fig. 7a) or
channelised (e.g., Fig. 7b). Another distinguishing feature of this subse-
quence is the evidence of soft-sediment deformation on a range of
length scales, exemplified in Figs. 7c and 7e.

This subsequence is present in all sectors of the caldera wall where
the Sharkfin sequence is exposed; defining the top as the last occurrence
of palagonitised deposits, it is up to ~40 m thick (Fig. 4g). The only sub-
stantial sills in the Sharkfin sequence are usually present along or just
above the contact between this subsequence and the underlying
hyaloclastite subsequence. In the caldera wall these sills, which are typi-
cally pervasively fractured (but not in a distinctive pattern), form amost-
ly b2 m thick discontinuous unit along this interface, with an alteration
zone b1 m thick only in the underlying hyaloclastite subsequence
(e.g., Figs. 4b and 4d). In these outcrops there is no clear evidence of
the sills having intruded the overlying debris flow subsequence
(e.g., alteration or lava apophyses); one exception is alteration of these
deposits around a ~6 m thick laccolith composed of multiple sills. On
the accessible upper flanks (the Chufquén and East valleys: Fig. 2c), the
sills are more continuous, sometimes thicker, and some intrude the
lower parts of the debris flow subsequence, roughly parallel to the
slope and bedding of the deposits (sometimes with alteration haloes);
examples are shown in Fig. 8. Dykes are also present in this subsequence,
most notably some of distinct composition that clearly feed the circum-
caldera lavas, which are surrounded by prominent alteration zones
(e.g., Fig. 7c). Groups of cross-cutting dykes with no clear association
are also recognised, most clearly in the Chufquén valley (Fig. 8c), where
there is also an atypical large intrusion capping the subsequence (Fig. 4f).
3.3. Chufquén valley lavas

Theupper Chufquén valley (Fig. 2c) contains several lava units, rang-
ing from tens to hundreds ofmetres in length and ~3–15m in thickness,
with a variety ofmorphologies. Their age is currently unconstrained, ex-
cept by the fact that they post-date the erosion of the Chufquén valley,
and so the Sharkfin sequence. The lavas analysed chemically are all of
near-identical basaltic andesite composition, but less alkalic for their sil-
ica content than almost all the samples from other units (Fig. 3). There-
fore, it is unclear how they relate to the main stratigraphy. Examples of
the significant features of these lavas are shown in Fig. 9. Some showen-
tablature (e.g., Long andWood, 1986; Forbes et al., 2014a) on the steep
valley-facing sides of the flows; cube, curvi-columnar, chevron-like, and
irregular fractures are all observed, bounded by either blocky fracturing
or a colonnade of columnar jointing (Figs. 9a and 9b). Hackly fractures
are present at themargins of other flows (Figs. 9d and 9e); these locally
have curving chiselmarks (striae) on their surfaces (Figs. 9e and 9f). The
other lavas show no pervasive fracturing, only typical marginal



Fig. 4. Overview of the stratigraphy of the pre-caldera ‘Sharkfin’ sequence (Section 3.2) and part of the overlying circum-caldera lava sequence (Section 3.4), which shows the consistent
nature of the general stratigraphywhere theseunits are exposed around the caldera. In Parts a to f,most dashed lines approximately delineate the contacts between different subsequences
(labelled), the yellow boxes and arrows indicate the extent and/or location of sections of the calderawall shown in other figure parts, and the red arrows point to the location of dykes that
have been Ar–Ar dated to the stated ages (Supplementary File 2; Section 3.2.2). (a) Panorama of the E to SE section of the caldera wall (marked on Fig. 2b), showing most of the key out-
crops of the Sharkfin sequence. (b) Outcrop of the middle to upper part of the Sharkfin sequence, overlain by circum-caldera lavas dipping both into and out of the caldera. (c) Alternate
view of the circum-caldera lavas shown in Part b. (d) Outcrop of the lower to middle part of the Sharkfin sequence, including the lava subsequence capping the hyaloclastite subsequence,
which is uncommon. (e) Outcrop of all themain parts of the stratigraphy in this section of the caldera rim. (f) View of thewest side of the uppermost Chufquén valley (Fig. 2c), where the
middle to upper part of the Sharkfin sequence is also exposed. (g) Generalised and simplified vertical profiles for the sections of the caldera wall where the Sharkfin sequence is present.
The (sub)sequence (bold) and lithofacies (italic) codes correspond to those in Table 2. Note that the clast size variations within each subsequence are representative of their range and
variability, but are not based upon a specific vertical section as there is no consistent internal stratigraphy.
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autobreccia (Fig. 9c). There is no clear pattern to the distribution of lavas
with each particular morphology.

3.4. Circum-caldera lava sequence

This sequence comprises the lavas that cap themajority of the calde-
ra walls, including those in the eastern sector that overlie the Sharkfin
sequence (Fig. 4a); it post-dates the formation of the caldera. The
lavas are basaltic andesite to trachydacite in composition and contain
varying concentrations of phenocrysts (plagioclase, one or two pyrox-
enes, olivine, and/or Fe–Ti oxides). The sequence includes the Peak
and South units of Gilbert et al. (1996), which are grouped together in
this study due to their very similar geochemistry (Murphy, 1996). At a
few locations on the eastern caldera wall, at the base of this sequence
there are thin (b2 m thick) ‘aʻā lavas (Fig. 4), which have been inferred
to be subaerial (Gilbert et al., 1996). Previous work (Gilbert et al., 1996;
Murphy, 1996) considered these lavas the uppermost part of the pre-
caldera Sharkfin sequence. However, this is inconsistent with the orien-
tation of some of these lavas, dipping both to the north and into the cal-
dera (Figs. 4b and 4c), and the trachydacite composition of those
sampled (Murphy, 1996), given that the Sharkfin sequence is otherwise
exclusively mafic (Fig. 3). Hence we consider these part of the circum-
caldera lavas, despite being morphologically distinct from the lavas
that otherwise form the lower part of this sequence.

The bulk of the sequence comprises lava domes/coulées and stacks
of flows, ~10–100 m in height and width on the caldera rim; examples
are shown in Fig. 10. There is a transition in themorphology of the lavas
at approximately the same elevation around the eastern and southern
caldera rim (Fig. 10a). Below this level there are steep caldera-facing
cliffs of lava, comprising both thick (N10 m) flows (e.g., Fig. 10f) and
sides of domes/coulées (e.g., Fig. 10c). These cliffs are pervasively
fractured in one or more patterns such as columnar, hackly, and

Image of Fig. 4


Fig. 5. Photographs of a caldera-rim outcrop of the Sharkfin lava subsequence (located where indicated in Fig. 4e), which show the main features of this subsequence described in
Section 3.2.1, and the constituent lithofacies described in Table 2 (the lithofacies (italic) codes correspond to those in Table 2). The dashed lines delineate the approximate boundaries
between lithofacies. The yellow boxes indicate the approximate areas magnified in other photographs. (a) Part of the outcrop, showing multiple tuff-breccia-enclosed lavas and two in-
terspersedpalagonitised tuff units. (b) and (c) Closer views of a section of Part a,which show the relationships between the constituent lithofacies inmore detail. Note that the lavamargin
tuff-breccia TLlp shown in Part c is an atypical lithofacies that is only present where a lava unit overlies a palagonitised tuff unit.
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pseudopillow (summary definitions in Lescinsky and Fink, 2000)
(e.g., Figs. 10b and 10g), or occasionally radial (Fig. 10e). All these lava
cliffs were not accessible for detailed characterisation. There are occa-
sional lavas that flowed into the caldera from the cliffs; these lavas are
particularly densely fractured (Figs. 10d and 10g). In some instances
this fracturing is platy, i.e., sub-parallel and spaced b10 cm apart, and
sometimes curving (e.g., Fig. 10b) or sub-parallel to flow direction (in-
ferred from flow banding and/or morphology, e.g. Fig. 10d). We also
find platy fracturing on one margin of the dyke forming one side of
the head of the East valley (Fig. 2c): as shown in Fig. 10h, the valley-
facing margin of the dyke has a strong curved platy fabric, with
horizontal columnar jointing (i.e., polygonal in a plane parallel to the
dyke margin) just behind, whilst the other margin, in contact with
Sharkfin palagonitised lapilli-tuff, is fractured into large blocks. Some
of the dykes feeding the circum-caldera lavas (in the Sharkfin sequence
exposed at the caldera walls) show cube-like fracturing, and columns
oriented parallel to the dyke margins (rather than perpendicular,
which is expected as a dyke cools from its margins) (Figs. 7c and 10c).

Above the aforementioned level on the caldera rim, there are stacks
of thinner (b5 m thick), less fractured ‘aʻā lavas, sometimes with
oxidised margins (e.g., Figs. 10f and 10g). These lavas form the Peak
unit described by Gilbert et al. (1996), who report that they dip both

Image of Fig. 5


Fig. 6. Photographs of outcrops that exemplify features of the Sharkfin hyaloclastite subsequence that are described in Section 3.2.2, and show the constituent lithofacies described in
Table 2 (the (sub)sequence (bold) and lithofacies (italic) codes correspond to those in Table 2). The short-dashed lines approximately delineate someof the different lithofacies; the longer
dashed lines approximately delineate subsequence boundaries. (a) A caldera-rim outcrop (approximately demarcated in Fig. 4a), showing themetre-scale variations in pillow size/shape
and content, clast size, and clast:matrix ratio (and so lithofacies) and absence of a consistent stratigraphy,which are typical of the subsequence. The yellow boxes indicate the approximate
areas magnified in the subfigure specified. (b, c, d) Closer views of caldera-rim outcrops (Part d is located where indicated on Fig. 4d) showing sections of the spectrum of hyaloclastite
textures, from lava pillows with fragmented margins (Part b) through pillow fragment tuff-breccia (Part c) to block- and then lapillus-sized angular to subrounded lava fragment tuff-
breccia and lapilli-tuff (Part d). (e) An outcrop in the upper Chufquén valley (Fig. 2c) showing relatively small, vesicular, and rounded lava pillows isolated within palagonitised lapilli-
tuff. (f) A single pillow in the same unit as the outcrop in Part e,which shows the vesicularity of the lava and a fragmented rim that has separated from the pillow. (g) A caldera-rimoutcrop
(approximately demarcated in Fig. 4e) where this subsequence (atypically) comprises lenses/sheets of tuff-breccia (mostly pillow-bearing) within palagonitised tuff and lapilli-tuff.
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into and out of the caldera, and include an unusually large, ~2 km long
fractured lava (geochemically distinct according to Murphy, 1996)
that flowed into and across the northwest part of the caldera. The
flank-facing sides and top of the lava domes/coulées in the sequence
are blocky or weathered (e.g., Figs. 10b and 10e), less steep than the
caldera-facing sides, and sometimes oxidised; some of the coulées
have associated lavas that extend up to hundreds of metres down the
flanks (e.g., Fig. 8a). The brecciated, oxidised carapaces suggest that
the domes/coulées have not been substantially eroded, and thus that
the exposed faces are the actual dome margins (Gilbert et al., 1996).
The largest stacks of lavas (on the southern caldera rim; Fig. 10a) are
morphologically very similar to lava-dominated flat-topped or conical
tuyas (Russell et al., 2014), at least on their caldera-facing sides.

Groundmass samples of two of the aphyric lava domes on the east-
ern caldera rim (marked on Fig. 10) have beenAr–Ardated by themeth-
od outlined in Arancibia et al. (2006) to 26 ± 5 and 68 ± 14 ka
(Supplementary File 2), coincidingwith the LGMand a proposed South-
ernHemisphere glacialmaximum(~65ka; Schaefer et al., 2015) respec-
tively. The younger date is probably not robust as it is close to the limit
of the dating method; the elder is consistent with the Ar–Ar date of
64 ± 15 ka obtained for a circum-caldera sequence lava on the NW
caldera rim by Jara and Moreno (in preparation) (Table 1).

Image of Fig. 6


Fig. 7. Photographs of outcrops that exemplify features of the Sharkfin debris flow subsequence that are described in Section 3.2.3, and of some of the constituent lithofacies described in
Table 2 (the (sub)sequence (bold) and lithofacies (italic) codes correspond to those in Table 2). The short-dashed lines approximately delineate some of the different lithofacies or units;
the longer dashed lines approximately delineate subsequence boundaries. (a) View of the north side of the uppermost part of the East valley (Fig. 2c), which shows the slope-parallel stra-
tigraphy of some units of the debris flow subsequence (observed in the caldera walls in Fig. 4b). (b) A caldera-rim outcrop (located where indicated on Fig. 7e) showing examples of the
tuff-breccias and palagonitised tuffs that are respectively sometimes and often present at the base of the subsequence. Note the channelised distribution of some of the units, which are
defined by abrupt changes in colour and/or texture, and so even thosewith the same lithofacies classification are distinguishable. (c) A caldera-rim outcrop (approximately demarcated in
Fig. 4a) predominantly showing palagonitised tuff/lapilli-tuff lithofacies typical of themiddle and upper parts of the subsequence, and examples of the large length-scale deformation pres-
ent in parts of this subsequence. The yellow box indicates the approximate area shown in Part d. (d) View of some of the (inaccessible) units typical of the upper part of this subsequence,
showing that they comprise variably sorted, palagonitised lapilli-tuff and tuff. (e) A caldera-rim outcrop (approximately demarcated in Fig. 4a) showing the scoria-bearing and variably
palagonitised lapilli-tuff/tuff units in this subsequence, and examples of the smallest-scale soft-sediment deformation present.
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Image of Fig. 7


Fig. 8. Photographs showing the extent and variety of some of the intrusions in the upper part of the Sharkfin sequence, which are discussed in Section 3.2.3. The short-dashed lines ap-
proximately delineate the intrusions and the longer dashed lines approximately delineate subsequence boundaries; the subsequence codes are defined in Table 2. (a, b) Views of the south
(Part a) and north (Part b) sides of the uppermost East valley (Fig. 2c), which show the downslope continuation of the stratigraphy observed in the calderawalls, including the sills at/near
the base of the debris flow subsequence. Note that only the lower parts of the debris flow subsequence are present here and in the corresponding sector of the calderawall (themid sector
in Fig. 4a). (c) Viewof thewest side of the Chufquén valley (Fig. 2c; downslope from Fig. 4f), showing sills at/near the base of the debris flow subsequence and additional intrusions further
up the stratigraphy.
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4. Interpretation and discussion of eruptive and glacial history

4.1. Sharkfin sequence

4.1.1. Sharkfin lava subsequence
The environmental conditions in which this subsequence was

emplaced are unclear. The lavas are more brecciated than typical
subaerial basaltic ‘aʻā flows, and the matrix of the tuff-breccia units
shows uniform partial palagonitisation, suggesting meltwater
was present during their emplacement. We suggest that the well-
sorted palagonitised tuff units interbedded with the lavas result
from reworking of subaqueous/subglacial eruption deposits, and so in-
dicate at least intermittent water flow. Nevertheless, the extent of
fragmentation and palagonitisation of the lavas is much less than that
in typical subaqueous or subglacial fragmental lithofacies (cf. the
hyaloclastite subsequence), and the fracturing within the coherent
lava is irregular, rather than of a pattern indicative of snow (e.g., Mee
et al., 2006) or ice (e.g., Lescinsky and Fink, 2000) contact. Glacial evi-
dence for coeval ice is not observed, although it is not possible to rule
out the presence of striations on the lavas or basal diamict from the out-
crops studied. The occasional presence of this subsequence overlying
the hyaloclastite subsequence could be interpreted as an indication
that these lavas can result fromeruption into drained subglacial cavities.
Given this association, we suggest that this subsequence results from a
succession of lava flows beneath snow or ice fromwhich themeltwater
generated was able to drain rapidly; the snow/ice thickness required is
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impossible to constrain beyond that it must exceed that of the subse-
quence (N11m). However, subaerial emplacement cannot be ruled out.

4.1.2. Sharkfin hyaloclastite subsequence
The lithofacies in this subsequence are similar to some of those in-

ferred to result from mafic eruptions beneath ice (e.g., Loughlin, 2002;
Schopka et al., 2006) or water (e.g., Porębski and Gradziński, 1990;
Watton et al., 2013); the ubiquitous palagonitisation of the fine-
grained glass component of each lithofacies is consistent with a
hyaloclastic origin (e.g., Fisher and Schmincke, 1984). Topographic fea-
tures such as craters andmoraines can reduce the local slope and/or en-
able local thickening of ice cover, and so encourage meltwater ponding
even on the slopes of a stratovolcano; substantial meltwater accumula-
tion has been reported within large craters or calderas (e.g., the 1991
eruption of Volcán Hudson, Chile: Naranjo et al., 1993b) (Lescinsky
Fig. 9. Photographs of outcrops that exemplify features of the lavas within the upper Chufqué
lithofacies, the codes for which correspond to those in Table 2. (a) Outcrop of the valley-facing
centre (entablature) capped by a colonnade. (b) Outcrop of a smaller lava on the valley floor,wh
pervasive fracturing is absent. (d) Outcrop of a lava in the valley floor (further downslope than
the lava in Part d (areas indicated by the yellow arrow inPart d and approximately demarcatedb
marks on some surfaces.
and Fink, 2000). However, this subsequence is probably too extensively
distributed in a consistent stratigraphic position to be accounted for by
such localised ponding. We consider the most plausible formation
mechanism for this subsequence to be effusive mafic eruptions beneath
ice of sufficient thickness that it has surface topography independent of
that of the land surface (the former being a more effective control on
meltwater flow: Björnsson, 2002), and so able to create a ‘hydraulic
seal’ that hinders drainage of meltwater generated by the eruption
(Björnsson, 2002; Stevenson et al., 2009). Under such conditions, melt-
water would have ponded in subglacial cavities and so been available to
interact with the lava; water retention is only required for the duration
of the eruptive phase. Stevenson et al. (2009) suggested that ice in ex-
cess of 300 m thick may be required to pond meltwater subglacially
on steep topography. However, it is not possible to definitively constrain
the absolute ice thickness range under which this subsequence could
n valley, described in Section 3.3. The dashed lines approximately delineate the different
side of a thick lava that flowed from near the caldera rim, showing a pervasively fractured
ich also shows entablature-like fracturing. (c) Outcrop of a lava in the valleyfloor, inwhich
the lava in Part c) with hackly fracturing at its margins. (e, f) Detail of part of themargin of
y the yellowbox inPart e, respectively), showing the jointing andprominent curving chisel

Image of Fig. 9


Fig. 10. Examples of themorphologies observed in the circum-caldera lava sequence and intrusions discussed in Section 3.4, and the consequent inference of syn-eruptive ice extent or thickness. The red arrows point to the sampling locations of lavas
that have been Ar–Ar dated to the stated ages (Supplementary File 2; Section 3.4). (a) Panorama of the SE to SW sector of the calderawall (marked on Fig. 2), which predominantly comprises lavas of the circum-caldera lava sequence. The dashed line
indicates the approximate level belowwhich there aremorphological features interpreted as evidence of interactionwith ice/meltwater, and so is the inferred ice level during lava emplacement; longer dashes denotewhere this is better constrained.
The yellow boxes indicate the parts of the caldera wall shown in Parts b to g, which, together with Part h (the location of which is indicated on Fig. 4a) are examples of the morphological features and how the palaeoice level has been delineated.
(b) Near-vertical caldera-facingwall to a lava coulée on the caldera rim,which displays a variety of fracturing types (labelled) that are perhaps indicative of rapid cooling due to ice contact (e.g., hackly and pseudopillow fracturing: Lescinsky and Fink,
2000), suggesting that the coulée was buttressed by intra-caldera ice on emplacement. (c) A lava dome on the caldera rim with a near-vertical caldera-facing wall, displaying similar fracturing types. Columnar jointing of the exposed feeder dyke
parallel to its margins indicates cooling from the surface rather than the dyke margins, suggesting attempted intrusion into intra-caldera ice. (d) Lava that flowed down the caldera wall from near the top, with pervasive platy fracturing that might
reflect emplacement along the ice–rock interface (cf. Part h), overlain by typical (subaerial) ‘aʻā lavas. (e) Lava with a vertical, radially fractured caldera-facing wall, capped by amore oxidised, blocky carapace, perhaps either a cross-section of a lava
tube or a small coulée that was constrained by intra-caldera ice (cf. Edwards and Russell, 2002). (f) A steep caldera-facing wall of columnar-jointed lavas, perhaps emplaced against intra-caldera ice, overlain by a thick sequence of typical (subaerial)
‘aʻā lavas. (g) Lava lobes with hackly and platy fracturing from a steep-sided lavawith irregular columnar fractures, which is overlain by typical (subaerial) ‘aʻā lavas. The lobes are interpreted to have flowed into cavitiesmelted in the intra-caldera ice
that confined the lava cliff. (h) Dyke with blocky fracturing on its northern margin, where in contact with debris flow units of the Sharkfin sequence, and pervasive platy and polygonal fracturing along the south margin (shown in the left-hand
photograph), where facing the dyke-parallel East valley (Fig. 2b) that intersects the caldera rim. The different fracture patterns on the two sides are interpreted to have formed by the dyke intruding along the interface between the sidewall and
ice infilling the valley.
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have formedwithout the preservation of any clear transition to subaer-
ial activity (as identified where the emplacement conditions of similar
deposits have been constrained, e.g. Brown Bluff volcano (Smellie and
Skilling, 1994)). Although the ice must have been at least as thick as
the deposits, at a maximum of ~12 m, this is at least an order of magni-
tude too thin to be a reasonable lower bound on the ice thickness.

The spectrum and spatial relationships of the lithofacies identified in
this subsequence could be generated in various ways in this subaque-
ous/subglacial regime. If explosive fragmentation was the predominant
mechanism of brecciation of the erupted lava, then spatiotemporal
variation in the subglacial cavity pressure, determined by the rates of
meltwater generation and discharge, would likely be the main control
(lower cavity pressure allowing greater explosive fragmentation, and
vice versa) (Tuffen, 2007). However, we suggest that this is inconsistent
with the absence of systematic trends in fragmentation extent through
the subsequence, or any correlation between fragmentation extent and
the vesicularity of the lava component. Passive quench and mechanical
fragmentation, to which hyaloclastite formation is attributed by studies
such as Skilling (2002; 2009) and Watton et al. (2013), is suggested to
be the predominant mechanism by: (1) the increasing fragmentation
of lava pillows towards their margins, (2) the clast-rich, sometimes
isolated pillow-bearing, and poorly sorted nature of many of the tuff-
breccias, and (3) indications of slumping and/or remobilisation
(e.g., the occasional lenses or sheets of one tuff-breccia or tuff/lapilli-
tuff lithofacies within another), which can induce mechanical fragmen-
tation (Skilling, 2002). Such fragmentation may have been driven by
long-lived extrusion on a steep slope, encouraging slumping down-
slope, analogous to the formation of poorly bedded hyaloclastite
foresets in ‘aʻā lava deltas (Smellie et al., 2013, 2014). The formation of
a particular hyaloclastite lithofacies will therefore depend on factors in-
cluding the eruption/lava flow rate, magma–water interaction efficien-
cy, timing and rate ofmeltwater discharge, and topography, all of which
are likely to be highly spatially and temporally variable, consistent with
the observed stratigraphy.

4.1.3. Sharkfin debris flow subsequence
The mix of channelised and sheet deposits (sorted to varying ex-

tents, some polymictic) in this subsequence indicates that it was formed
by a series of debris flows of varying energy. Most of the subsequence
comprises rocks very similar to those in the hyaloclastite subsequence
(but with textural differences, e.g. bedding and clast:matrix ratio),
suggesting that these flows likely reworked deposits from subglacial
eruptions. The scoria-bearing and bedded tuff units are also probably
remobilised (from subaerial or subaqueous explosive eruption
deposits), because they are typically found mixed with or containing
lenses of breccia and are highly variable in thickness. The consistent
stratigraphic position of the widely distributed pair of oxidised scoria-
bearing units suggests that at least the lower units of this subsequence
were emplaced approximately contemporaneously. The extensive dis-
tribution of this part of the subsequence therefore implies that it was
formed by discharge of a large volume of water. It is unlikely that such
a volume could have been generated by local meltwater ponding, so
we suggest that it may have originated from eruptions beneath a thick
ice sheet (for reasons discussed in Section 4.1.2).

The association of sills and a thick sequence of debris flows is similar
to the Dalsheidi-type subglacial volcanic sequences in southern Iceland
described by Smellie (2008). These comprise a semi-continuous lava
sheet (sometimes underlain by diamict) with columnar jointing and/
or entablature, which partially intrudes into overlying massive sheet-
hyaloclastite (sometimes capped by mudstone) (Smellie, 2008). These
sequences can range from b5 m to hundreds of metres in thickness
(where multiple sequences are present in succession) and extend
many kilometres from their source. One interpretation is that they are
produced by a sill intruding along the bedrock–ice interface beneath a
thick temperate ice sheet, which generates sufficient meltwater to
eventually float the ice sheet, causing a debris flow of hyaloclastite
(erupted at the vent) beneath it (Smellie, 2008). Alternatively, Banik
et al. (2014) argue that these sequences are the result of eruptions be-
neath thin or negligible ice (supported bymeasurements of the volatile
content of glass), with the ‘sills’ being lava flows that either preceded
the debris flows or intruded down into and along the base of pre-
existing deposits. We suggest that the sills and debris flow deposits de-
scribed here were emplaced beneath thick ice, in a similar way to the
model of Smellie (2008). This is because the sills appear to have intrud-
ed along the base of the ice both prior to and during the debris flows (as
they are present both beneath the subsequence, with no alteration of
the overlying deposits, and in its lower parts, mostly parallel to the bed-
ding), contradicting the models of Banik et al. (2014). Furthermore, it is
difficult to reconcile the apparently contemporaneous deposition of the
sequence of debris flows as extensively as they are present on Sollipulli
with the amount ofmeltwater that could be generated beneath thin gla-
ciers. Analysis of the volatile content of the sills (Dixon et al., 2002;
Tuffen et al., 2010)would benecessary to verify this interpretation. Con-
straint of the absolute ice thickness range underwhich this subsequence
could have formed is not possible, due to the absence of a contempora-
neous subaerial cap, but it is likely to be greater than thatwhich resulted
in the hyaloclastite subsequence, considering the greater meltwater
volume required in this instance.
4.2. Chufquén valley lavas

We interpret these lavas to have been emplaced in a variety of envi-
ronmental conditions. Entablature is diagnostic of rapid cooling due to
water infiltration (e.g., Long and Wood, 1986; Forbes et al., 2014a);
the (sub-)vertical fracturing orientation in the lavas with this feature
suggests that this cooling resulted from flooding during emplacement,
rather than ice interaction at theirmargins. However, the hackly fractur-
ing (also symptomatic of rapid cooling: Lescinsky and Fink, 2000) at the
margins of other lavas suggests that such ice contact occurred in the
case of these other units. With further examination, the chisel marks
on the fracture planes would have the potential to constrain the cooling
front and rate (e.g., DeGraff and Aydin, 1987; Goehring and Morris,
2008; Forbes et al., 2012). Other lavas lack such features, and are
hence inferred to be subaerial; some of these are upslope of those with
fracturing indicative of ice interaction, so the glaciation extent when the
suite of lavas was emplaced is unclear. We propose that they erupted
over a protracted period during which the glacier size changed. Note
that none of these lavas are pervasively fragmented, nor is there evidence
of palagonitisation, in contrast to the Sharkfin sequence despite also being
of mafic composition; this most likely reflects a difference in the amount
of meltwater interaction due to ice thickness.
4.3. Circum-caldera lava sequence

The morphologies and fracture patterns observed on the caldera-
facing sides of these lavas suggest that when the bulk of this sequence
was erupted at the top of the caldera wall, the lavas were constrained
on this side by intra-caldera ice, similar to, for example, the perched
lavas at Mt Rainier (Lescinsky and Sisson, 1998) and ice-dammed lava
cliffs at Hoodoo Mountain (Edwards and Russell, 2002). Some lava
breached out of this dammed lava and flowed into the caldera along
the ice–rock interface (i.e., subglacially);we interpret their densely frac-
tured surfaces as a reflection of the resulting enhancedmeltwater inter-
action. Some of the lavas display multiple fracture patterns; previous
studies have attributed these to cooling rate variation with distance
from the ice contact (e.g., Lodge and Lescinsky, 2009). When the lavas
built up to ice level, extrusion continued subaerially (forming the caps
of the domes and the thin ‘aʻā lavas); lava may have flowed over the
intra-caldera ice, but only the parts of lavas on the caldera rim have
been preserved.
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Two of the types of fracturing observed in the lower-level lavas are
not commonly associated with ice interaction. Radial fracturing is one
of these; the example shown in Fig. 10e could be interpreted as a
cross-section of a lava tube rather than the ice-constrained margin of
a thick flow, although the fractures are closely spaced, consistent with
rapid cooling, and radial fracturing has also been interpreted as indica-
tive of lava-ice contact at some other stratovolcanoes (e.g., Hoodoo
Mountain: Edwards and Russell, 2002). The other, platy fracturing, is
found in lavas erupted under various conditions, but typically only in
the slowly cooled interior of lavas (Lescinsky and Fink, 2000), whether
they are subaerial (e.g., Tuffen et al., 2013), ice-contact (e.g., Mee
et al., 2006), or subglacial (e.g., Forbes et al., 2014b). Conversely, in
this sequence platy fracturing is present on the surface of lavas
(Fig. 10d) and the same caldera-facing lava cliffs as patterns indicative
of rapid cooling, such as hackly fracturing (Figs. 10b and 10g). We sug-
gest that the platy fracturing on one surface of the dyke shown in
Fig. 10h arises from its intrusion along the contact between a glacier
in the valley and the valley side, causing rapid cooling of the dyke mar-
gin in contact with the ice. Therefore, we propose that platy fracturing
can result from ice interaction (e.g., in the case of the lava shown in
Fig. 10d); it perhaps forms when the lava or dyke margin is rapidly
cooled into the brittle regime but the interior is still undergoing ductile
flow, causing a shear fabric to form in the margin. Formation mecha-
nisms for platy fractures in the interior of lavas proposed by previous
studies include late-stage shear (Bonnichsen and Kauffmann, 1987;
Conway et al., 2015) and detachment of the outer parts of the lava
body, possibly due to deflation (Spörli and Rowland, 2006) or inflation
(Tuffen et al., 2013). However, the presence of undeformedmaster frac-
tures cross-cutting the curved platy interior fractures in the subglacial
lava studied by Forbes et al. (2014b) was interpreted to indicate that
such fracturing is unlikely to form by inflation, deflation, or late stage
shear, and so perhaps by cooling contraction instead. Conversely,
modelling of the cooling of an andesite lava by Spörli and Rowland
(2006) suggested that chilling alone could not reasonably account for
the longitudinal strain across platy fractures, suggesting a mechanical
component.

The approximately consistent elevation (~2100 m) of the ice-
interaction to subaerial transition in the caldera-facing lavas indicates
that the bulk of this sequence was emplaced during a period when the
caldera was filled with ice. There are several hanging valleys in the cal-
dera rim below the inferred ice level (Figs. 4a and 10a), so an ice accu-
mulation rate in excess of that of drainage by outlet glaciers would
have been necessary to reach this level. The subaerial lavas flowing
into the caldera that are locally present at the base of the sequence
suggests that at least part of this ice accumulation may have occurred
only shortly prior to thismain eruptive phase. Although the ring faulting
associated with caldera formation is likely to be the primary control on
the location of these lavas at the top of the caldera wall, there is
potential evidence for the intra-caldera ice also having some influence.
The columnar jointing parallel to the margins of the feeder dykes
(e.g. Fig. 10c) indicates rapid cooling at the caldera wall face, suggesting
that these dykes were inhibited and cooled by the ice at the surface.
Hence extrusion may have been focussed near the top of the caldera
wall where the ice was thin, rather than into the caldera. However,
the geophysical survey of the caldera by Gilbert et al. (1996) suggests
that there are lavas at the base of the caldera wall, particularly on the
eastern and southern sides, which these authors inferred were erupted
subglacially in associationwith the circum-caldera lavas; thus extrusion
may not have been entirely confined to the top of the caldera margin.

4.4. Discussion

Fig. 11 summarises our preferred interpretation of part of the
coupled glacial and eruptive history of Volcán Sollipulli that is recorded
on its upper flanks. The absolute ice thickness under which some of the
eruptions are inferred to have occurred is difficult to constrain without
indicative lithofacies associations (e.g., passage zones: e.g., Skilling,
2002; Smellie, 2006) or analysis of the degassing of volatiles from
glass or lava samples (Dixon et al., 2002; Tuffen et al., 2010). Even the
relative ice extent is ambiguous in some cases, due to the many addi-
tional potential controls on eruption style and thus the resultant
lithofacies. For example, it is not certain that the Sharkfin lava subse-
quence interacted with snow or ice during its emplacement, as
discussed in Section 4.1.1. The local occurrence of the lava subsequence
above the hyaloclastite suggests that these lavas could have been
erupted under ice, but their presence beneath the hyaloclastite subse-
quence in all locations where its base is exposed indicates that there
was a widespread shift to conditions favourable to meltwater ponding,
whichwe consider to bemost plausibly explained by glacierisation. Ad-
ditionally, the ice thickness associated with Dalsheidi-type sequences,
which we consider analogous to the Sharkfin debris flow subsequence,
has been disputed (Smellie, 2008; Banik et al., 2014). This is
discussed in Section 4.1.3, where we suggest that the field evidence
is more consistent with the model of emplacement under thick ice.
Palaeoclimate/glaciology studies have inferred an ice thickness (albeit
poorly constrained) of ≥1 km on this part of the Andes at the LGM
(e.g., Hulton et al., 2002), so the thick ice model is plausible in this
case. Further study of similar sequences is necessary to better under-
stand their formation.

The interpretation presented here differs from that of Gilbert et al.
(1996) in that we infer an increase in ice thickness with time during
the emplacement of the Sharkfin sequence, rather than an evolution
from subglacial to subaerial eruptions. This is due to our observations
(described further in Sections 3.2 and 3.4) that (1) there are lavas
with features suggestive of meltwater influence at the base of the se-
quence, (2) the hyaloclastite subsequence is widely distributed, sugges-
tive of emplacement under an ice cap (as opposed to in localised ponds
of meltwater), (3) the debris flow subsequence has sills at its base,
perhaps intruded beneath thick ice, and upper units comprising tuff-
breccia rather than tephra, and (4) the subaerial lavas previously
considered the top part of this sequence appear to have erupted after
formation of the caldera. Conversely, we concur with the interpretation
of the circum-caldera lavas inGilbert et al. (1996). They noted that there
are relatively few calderas recognised to have ring vents, and that it is
rare for eruptions from these to significantly build up the caldera
walls, as at Sollipulli; they also hypothesise that the intra-caldera ice
may have restrained eruptions from the caldera floor. The morphologi-
cal features of the lava cliffs described in Section 3.3 indicate that the
intra-caldera ice was responsible for their formation. In addition, we
find some evidence that the ice also could have been a contributing fac-
tor to the focussing of the vents on the caldera rim. There are a signifi-
cant number of poorly studied ice-filled calderas in the southern
Andes (Fig. 1) and other high-latitude continental arcs that could be in-
vestigated to assess if there is an association between ring vents and
intra-caldera ice loading.

The glacial conditions at the time of the caldera-forming event are
uncertain: the time period bounded by the youngest unambiguously
pre-caldera (350 ± 90 ka) and oldest unequivocally post-caldera
(68 ± 14 ka) Ar–Ar dates (Table 1) spans three glacial cycles. However,
the predominantly subaerial Northwest lava sequence, Ar–Ar dates for
which indicate an age of ~110 ka (Table 1; Jara and Moreno, in
preparation), during or following the last interglacial (MIS 5e,
~123–109 ka; Lisiecki and Raymo, 2005), is thought to have been
erupted after the subglacial Sharkfin sequence but prior to caldera for-
mation (Gilbert et al., 1996). If correct, the caldera-forming event
must have occurred early in the last glacial period; the extent of glacia-
tion at this time would have been less than at the LGM, but is otherwise
poorly constrained (Rabassa, 2008). There is some evidence from Kam-
chatka (Bindeman et al., 2010) and numerical modelling (Geyer and
Bindeman, 2011) that suggested that caldera-forming large explosive
eruptions are more likely during glacial periods. However, the timing
of the assumed caldera-forming eruptions relative to glaciations is



Fig. 11. Schematic illustration of part of the glacial and eruptive history of Volcán Sollipulli based upon the interpretations presented here and in Gilbert et al. (1996). Note the variations in
the approximate orientation and extent of the schematic cross-sections, and that they are not to scale. (a) Emplacement of the Sharkfin lava subsequence (Section 4.1.1): summit or upper
flank effusive eruption ofmafic lava, whichflows downslope, perhaps below thin ice or snow cover. Anymeltwater generated rapidly drains away from the lava, so only the surfaces of the
lavas are fragmented. Pauses in effusion are marked by deposition of thin layers of fine-grained palagonitised material, likely remobilised from hyaloclastic deposits upslope.
(b) Emplacement of the Sharkfin hyaloclastite subsequence (Section 4.1.2): upper flank effusive eruption of mafic lava, generating meltwater that ponds at the source, probably due to
a thick ice overburden restricting drainage. As a result, pillow lava is erupted, and tuff-breccia forms by in-situ quench fragmentation and palagonitisation of the lava; this is partly
remobilised downslope, causing mechanical fragmentation. (c) Mafic lava is emplaced as sills along the interface between the bedrock and a thick ice cap, due to the ice overburden
(Section 4.1.3). (d) Emplacement of the Sharkfin debris flow subsequence (Section 4.1.3): the meltwater generated by the emplacement of these sills escapes in periodic meltwater out-
bursts, eroding and redepositing hyaloclastic lithofacies. Sill propagation continues through the lower part of these deposits. (e) Emplacement of the subaerial Northwest lava sequence
(Table 1; Gilbert et al., 1996) after melting of the ice cap. (f) Formation of the caldera by a non-explosive mechanism, followed by emplacement of subaerial lavas of intermediate com-
position on parts of the top of the caldera wall (Section 3.3). (g) Emplacement of the bulk of the circum-caldera lava sequence (Section 4.3): after the caldera has filled with ice, further
effusive eruption of intermediate-composition lava occurs around the calderawall (fed fromdykes along the ring fault). Domes on andflows from the top of the calderawall are buttressed
by the intra-caldera ice, but become subaerial above the ice level. Some lava extrusion at the base of the caldera rim is suggested by geophysical data (Gilbert et al., 1996). (h) A schematic
section through the caldera at the present day. This follows the Alpehué and Chufquén eruptions and ice advance and retreat into/from the Chufquén valley and Alpehué crater (all not
shown), which are described by Gilbert et al. (1996).
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poorly constrained for the majority of those events studied by
Bindeman et al. (2010). Although tephra is less likely to be preserved
when deposited supraglacially (Hobbs, 2014), the subsequent glacial
advance (leading up to the LGM) alone would be sufficient to account
for the absence of evidence for an explosive origin of the caldera, consid-
ering that no tephras deposited prior to local deglaciation have been
found in the region (Fontijn et al., 2014). Nevertheless, the ~60mmax-
imum subsidence of the Bárðarbunga caldera in Iceland associated with
the 2014–15 Holuhraun eruption (Riel et al., 2015; Sigmundsson et al.,
2015) highlights the potential for subglacial caldera formation without
an explosive eruption. Additional dating of eruptive sequences is critical
to better constrain the climate at the time (and thus to inform
speculation about the mechanism) of formation of the caldera at
Sollipulli.

As outlined in Section 1, most glaciovolcanism described at other arc
stratovolcanoes at temperate latitudes comprises coherent lavas, similar
to the Chufquén valley lavas and circum-caldera lava sequence. Never-
theless, the Sharkfin sequence indicates that it is possible, although
perhaps difficult, for extensive (i.e., not topographically confined) frag-
mental lithofacies to be produced by subglacial eruptions on such volca-
noes. It is unclear why these lithofacies are relatively uncommon,
including elsewhere in the Andean Southern Volcanic Zone (SVZ) (al-
though hyaloclastite has been reported locally at Nevados de Chillán
and more widely at Volcán Hudson: Gutiérrez et al., 2005; Mee et al.,
2006). It is not necessarily because themagma is typically of an evolved
composition, as there are examples in Iceland of fragmental deposits
from subglacial eruptions of intermediate magmas (e.g., Stevenson
et al., 2009) and rhyolite (e.g., McGarvie et al., 2007), although often
they are only associated with mafic eruptions (e.g., Kelman et al.,
2002). In any case, mafic volcanism is thought to be predominant in
the central and southern sectors of the SVZ (Stern, 2004; Fontijn et al.,
2014). There could be preservation bias; fragmental lithofacies are
more easily eroded than lavas, and they could have been covered by
the large volume of post-glacial lavas thought to have been erupted at
some volcanoes (e.g., Llaima and Villarrica: Naranjo and Moreno,
1991). Alternatively, their absence could suggest a reduction in the fre-
quency and/or volume of eruptions during glacial maxima, for which
there is some evidence in the record of explosive eruptions (Watt
et al., 2013; Rawson et al., 2015). Further detailedmapping of the volca-
noes of the SVZ and in similar arcs is essential to quantify the prevalence
of subglacial eruptions at such volcanoes.

5. Conclusions

The glaciovolcanic eruption products preserved at Volcán Sollipulli
provide new insight into the range of volcano–ice interactions that
can occur on ice-capped stratovolcanoes. Widespread hyaloclastic tuff-
breccia, sometimes containing lava pillows, suggests that considerable
lava–meltwater interaction can occur beneath ice on such edifices ap-
parently without topographic confinement. Furthermore, an extensive
sequence of sills and debris flow deposits is recognised for the first
time on a temperate-latitude stratovolcano, which, considering its sim-
ilarity to Dalsheidi-type sequences, also suggests ubiquitous syn-
eruptive subglacial meltwater generation and ponding. Nevertheless,
the ice thickness during the emplacement of these units is not possible
to constrain robustly from the lithofacies relationships. The lavas
emplaced around the caldera rim and on the upper flanks exemplify
the variety of interactions (and morphologies resulting from) lava
flowing beneath or into ice, including that platy fracturing of the lava
margin can occur, which has not been widely recognised in such lavas.
Features of the circum-caldera lava sequence constrain the thickness
of the intra-caldera ice during its emplacement, and also suggest that
the ice might have considerably influenced the evolution of the caldera
itself. Constraining the prevalence and nature of subglacial and other
glaciovolcanic activity at similar volcanoes will be essential to further
understanding of the influence of ice on arc volcanism.
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