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ABSTRACT

This paper provides the first detailed description of Holocene volcanism at the Quetrupillan Volcanic Complex.
This volcanic complex consists of a truncated and eroded stratocone plus sixteen well-preserved satellite vents on
its lower flanks. Intense scouring of the stratocone’s flanks (presumably by ice) has removed much evidence of its
Holocene eruptions, and thus the Holocene construction of the stratocone (i.e. number and volume of eruptions)
cannot be determined. The sixteen satellite vents are the products of an uncertain number of eruptions, with
trachyte comprising ~97% of the lava erupted. Geochemical analysis of tephra layers from three logged sections
in nearby valleys provides evidence of three explosive eruptions from Quetrupillan. In these sections, no evidence
of pyroclastic density current deposits was identified, which may suggest that explosive volcanic hazards from
Quetrupillan are less than indicated on current hazard maps.
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1 INTRODUCTION

The Quetrupillan Volcanic Complex (Complejo
Volcanico Quetrupillan), henceforth shortened to
Quetrupillan, lies in the Southern Volcanic Zone of the
Chilean Andes, with the stratocone summit (elevation
2360 m) located at 39°30’ S, 71°43’ W (Figure 1). Un-
like its prominent neighbouring volcanoes, Villarrica
and Lanin, Quetrupillan is somewhat hidden from
view, and this may explain why there is uncertainty
over whether there have been any eruptions from
Quetrupillan since the surrounding valleys were first
settled by the Spanish in the mid-16" century. For
example, Quetrupillan cannot be seen from the main
settlements of either Villarrica or Pucén as it is hidden
behind Volcan Villarrica. The last eruption from
Quetrupillan is suspected to have occurred in 1872 CE
[Petit-Breuilh Sepulveda 2004], but we consider the
evidence for this weak, as it lacks corroboration from
multiple independent sources.

Past work on Quetrupillan has been sporadic, and a
detailed geological map of the volcanic complex has not
been published. Consequently, the volcanic stratigra-
phy is unknown. Only reconnaissance-level mapping
has been carried out and results were presented at con-
ferences [Pavez 1997], but not in peer-reviewed jour-
nals. Likewise, a study of volcano-ice interactions dur-
ing the late Pleistocene began in 2012 but has only
appeared in conference presentations [e.g. McGarvie
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2014]. A study of tephra layers in the nearby Trancura
Valley that have been attributed to explosive eruptions
at Quetrupillan was the subject of a dissertation [Toloza
2015]. Most recently, Brahm et al. [2018] conducted a
study that analysed a limited subset of Holocene tra-
chytic lavas.

The volcanic complex of Quetrupillan consists of a
truncated (headless) stratocone, and numerous satellite
vents around the lower flanks of the stratocone, partic-
ularly on the southern flank (Figure 2). Two areas of
distal volcanism are speculated to be satellite vents of
Quetrupillan: Huililco, a small basaltic andesite sco-
ria cone ~12 km to the northeast, and Llizan, a clus-
ter of vegetated scoria cones ~14 km to the SSW (Fig-
ure 1; Brahm et al. [2018]; Pavez [1997]; Sun [2001];
Valdivia Munoz [2016]). Given that their relationship
to Quetrupillan is currently both uncertain and un-
proven, we do not consider these further in this paper.

The aims of this study are to: (1) map Holocene vol-
canism at Quetrupillan, so as to understand the pattern
of eruptive activity; (2) analyse lavas and pyroclastics,
so as to understand the range of compositions erupted;
(3) log pyroclastic deposits in nearby valleys in order to
establish the wider distribution and effects of explosive
eruptions; and (4) synthesise the information obtained
in (1-3) and use this to evaluate hazards from future
eruptions of Quetrupillan.
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Figure 1: Satellite image of the area surrounding Quetrupillan showing the trace of the Liquine-Ofqui Fault Zone
faults (solid lines), as mapped by Hernandez-Moreno et al. [2014]. Volcanoes (triangles; Quetrupillan highlighted
in red) and settlements (circles; notable towns or those mentioned in this paper) are indicated. Satellite image
from Google Earth (downloaded 03/02/2020). Dotted line: international border between Chile and Argentina.
The inset shows the location of the region within Chile, and the location of the Southern Volcanic Zone.

2 REGIONAL SETTING

Along the western edge of South America, the oceanic
Nazca Plate is subducting below the continental South
American Plate with oblique convergence [Cembrano
and Lara 2009; Stern 2004], resulting in the NNE-
trending margin-parallel volcanic arc of the Andes.
The Southern Volcanic Zone (SVZ) lies between 33°S
and 46°S [Lopez-Escobar et al. 1995], where magma-
tism is controlled primarily by the dehydration of the
subducted Nazca Plate and resultant partial melting
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of the mantle wedge [Cembrano and Lara 2009; Stern
2004; Tatsumi 2005].

The main structural feature of the SVZ is the
Liquinie-Ofqui Fault Zone (LOFZ), a ~1000 km long
NNE-trending intra-arc fault system [Cembrano et al.
1996; Hernandez-Moreno et al. 2014] which has been
interpreted to act as an active dextral transpressive
strike-slip structure for at least the last 6 Ma [Cem-
brano and Lara 2009]. Quetrupillan sits within the
LOFZ (Figure 1), though there is debate on the pre-
cise location of the actual LOFZ faults. For example,
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Figure 2: Map of the Holocene geology of Quetrupillan from the satellite flank vents. Satellite vents are la-
belled with the numbers that they are referred to in the text. The glacially scoured zone is indicated by the
area of hatching. The aerial photo background image is from the Servicio Aerofotogramétrico and 50 m interval
contours were created from a digital elevation model downloaded from earthexplorer.usgs.gov (downloaded
21/10/2016). The inset shows the location of Quetrupillan in Chile.

Moreno Roa and Lara [2008] map the LOFZ as pass-
ing immediately to the west of Quetrupillan, along
the Palguin Valley, while Rosenau et al. [2006] map
one fault terminating immediately south of Quetrupil-
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lan and another along the Trancura Valley to the east.
Hernandez-Moreno et al. [2014] map a splay of the
LOFZ on either side of Quetrupillan, along the Tran-
cura Valley to the east, and across the eastern flank of
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Villarrica to the west. Irrespective of the precise loca-
tion of LOFZ faults in the area, it is evident that fault-
ing associated with the LOFZ has had a major influ-
ence on both the location and triggering of eruptions
at Quetrupillan [McGarvie 2014].

Quetrupillan sits within the NW-SE orientated
Villarrica-Quetrupillan-Lanin volcanic chain (Figure 1
and Figure 3), a chain of three active volcanoes, that
lies oblique to the main volcanic arc of the An-
des [Cembrano and Lara 2009; Hickey-Vargas et al.
1989]. Villarrica (39°25" S, 71°56” W), the western-
most volcano, is one of the most active volcanoes in
South America [Petit-Breuilh Sepulveda 2004]. It is
an ice-capped, basaltic andesite stratocone with per-
sistent open-vent degassing from the lava lake in its
summit crater [Witter et al. 2004]. The eastern-
most volcano is the basalt-to-dacite stratocone of Lanin
(39°38’ S, 71°30’ W), which has not had any recorded
historic eruptions [Lara et al. 2004] and which has a
small summit ice cap. Quetrupillan lies between Villar-
rica and Lanin, and its truncated stratocone contrasts
strongly with the conical stratocones of Villarrica and
Lanin (Figure 3).

Quetrupillan has been constructed on a basement
of Cretaceous and Miocene plutonic units and Trias-
sic to Miocene volcano-sedimentary sequences of the
Panguipulli, Curarrehue and Trapatrapa Formations
[Moreno Roa et al. 1994]. It has been suggested that
Quetrupillan overlies the eroded remnants of the un-
studied and undated (Pleistocene?) stratovolcanoes of
Quingquilil (also known as “Colmillo del Diablo”) and
Cordillera El Mocho [Pavez 1997].

3 MEeTHODS

Two field seasons were conducted at Quetrupillan, in
February 2017 and January 2018. Observations of de-
posits were made, samples were collected from lava
flows and pyroclastic sequences, and field mapping was
supplemented with satellite images. In total, 70 sam-
ples were collected from lava flows on the flanks of
Quetrupillan, and 48 pyroclastic deposits were sam-
pled in the Palguin and Trancura valleys, to the north-
west and east of Quetrupillan, respectively.

All further analyses were undertaken at the Univer-
sity of Edinburgh. Polished thin sections of 36 samples
of Holocene lavas were cut, and these were analysed
under a petrological microscope. Twenty-one thin sec-
tions were studied using the scanning electron micro-
scope (SEM) and semi-quantitative analyses were per-
formed using the energy dispersive spectrometer (EDS)
included in the instrument [https://www.ed.ac.uk/
geosciences/facilities/sem/specification].  Thir-
teen thin sections were further analysed with the
electron microprobe (EMPA) [https://www.ed.ac.uk/
geosciences/facilities/electron/instrumentspec].

Fifty-seven samples of Holocene lavas and pyro-
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clastic deposits were selected for X-ray fluorescence
(XRF) analysis [https://www.ed.ac.uk/geosciences/
faci1ities/xrayfluorescence/xrf] to determine
abundances of major and trace elements. Samples
were crushed and then ground to powder using agate
grinding jars. Trace element concentrations were
measured from pressed powder pellets. Major element
concentrations were measured from fused glass discs.
To create the discs, powders were heated at 1100 °C for
20 min and the loss on ignition (LOI) of volatiles was
recorded (tephra samples were first heated overnight
at 450 °C to burn off any organic material). Powders
were then mixed with a borate flux and remelted at
1100 °C, before casting on a hotplate.

4 HoLoceNE VOLCANISM AT QUETRUPILLAN

4.1 Introduction

As a volcanic stratigraphy corroborated by absolute
age dating has not been established for Quetrupil-
lan, care needs to be taken when assigning volcanic
features to a particular epoch. In southern Chile
the last glacial period is known as the Llanquihue
(29,400-14,550 '#C yr BP; Glasser et al. [2008]), with
the last glacial maximum (LGM) occurring 23,000-
19,000 cal yr ago, when ice covered the crest of the An-
des for ~1800 km [Hulton et al. 2002]. At Quetrupillan,
the ice would have been at least 500 m thick, and pos-
sibly as thick as 1300 m [Hulton et al. 2002]. Deglacia-
tion started ~17,500-17,150 cal yr ago with abrupt and
stepped warming resulting in a dramatic reduction of
the ice mass covering the Andes in this part of Chile
[Hulton et al. 2002; Moreno et al. 1999]. Glacial re-
treat was rapid, and within ~2000 years glaciers in this
region had receded to within 10 km of their current ter-
mini [Lowell et al. 1995].

Given the above, any lava at Quetrupillan that clearly
shows the combined evidence of ice confinement and of
ice/meltwater-induced cooling fracture systems (char-
acteristic of intermediate-silicic glaciovolcanic erup-
tions, e.g. McGarvie [2009]) is assumed to have erupted
when ice covered the area, and is assigned a Pleistocene
age [McGarvie 2014]. In contrast, any lava that demon-
strates the typical subaerial characteristics of (uncon-
fined) spreading across the landscape, plus preserva-
tion of ‘delicate’ features (e.g. loose, blocky carapaces),
is assigned a Holocene age. This simple two-fold clas-
sification scheme has been used at other Chilean vol-
canoes such as Nevados de Chillan [Dixon et al. 1999],
and the nearby volcanoes of Villarrica and Lanin [Lara
et al. 2004; Moreno Roa et al. 1994].

One issue with this simple two-fold classification is
that local ice masses increased during the Little Ice
Age (~14th-19t century; Matthews and Briffa [2005]),
and thus Holocene eruptions during this period would
have encountered ice and acquired the characteristics
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Figure 3: [A] The Villarrica-Quetrupillan-Lanin volcanic chain (looking northeast) with Villarrica [B] to the left,
Quetrupillan [C] in the middle and Lanin [D] to the right. The difference in morphology between the conical
volcanoes of Villarrica and Lanin and the truncated stratocone of Quetrupillan is clearly visible. The distance
between the summits of Villarrica and Lanin is ~45 km.

of glaciovolcanic eruptions. A consequence of this is
that lavas may have been assigned a Pleistocene age
when in fact they are Holocene, leading to an under-
reporting of Holocene erupted volumes. No study that
we are aware of has addressed this issue at a Chilean
volcano.

At Quetrupillan, we assign a Holocene age to lavas
and pyroclastic edifices that have clear and well-
preserved subaerial features. An interglacial age is
ruled out on the grounds that substantial erosion by
the thick ice of the Llanquihue glaciation [Denton et
al. 1999; Hulton et al. 2002] would have removed loose
material such as scoria and blocky lava carapaces.

4.2 Holocene glacier-volcano interactions

Currently, icefields of unknown thickness occur on the
upper parts of the stratocone (Figure 2), with the main
ice mass occupying the oval ~1.3 x 1 km summit crater
and having an ice surface that dips gently to the south-
east. The summit crater has walls of variable height,
and at two low points ice has flowed out to form a small
(~0.8 x 0.4 km) icefield to the northeast and another to
the southeast (~1.4 x 0.7 km).

Surrounding the stratocone and extending some
2-5km from the summit is a zone that we call the
scoured zone (Figure 2), within which all exposed lavas
surfaces are smooth and etched with parallel linear
scratches and gouges (Figure 4A), and covered by an
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impersistent blanket of diamict (Figure 4B and 4C).
Etching directions can be determined both on a mi-
cro scale from scratches on smooth lava surfaces (Fig-
ure 4A), and on a macro scale from satellite imagery in
which irregular linear channels are eroded into the lava
and diamict deposits (Figure 5A). All micro and macro
direction indicators are oriented radially to the strato-
cone summit.

The diamict blanket is a poorly sorted and unconsoli-
dated deposit consisting of sub-rounded to sub-angular
lava boulders of varying size, with a smaller sand-silt
sized fraction (Figure 4B). The circumference of the
scoured zone is often marked by curved ridges of boul-
ders that form distinct topographic highs (Figure 5B).
These are typically ~2 metres high but occasionally
reach up to 4 metres in height. Our interpretation of
these features is that the scoured zone is the product of
glacial processes, with the scratches and gouges being
glacial striations produced during ice advance, and the
diamict representing glacial till deposition during ice
retreat. The ridges of boulders around the circumfer-
ence are terminal moraines that represent the farthest
extent of ice advance.

We rule out the Llanquihue glaciation as being the
cause of this scoured zone. During the Llanquihue
glaciation, thick (>500 m) ice extended for many tens
of km on either side of the Andean chain [Hulton et
al. 2002], whereas this scoured zone is a local fea-
ture, extending 2-5 km from the summit of Quetrupil-
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Figure 4: [A] A scoured Holocene lava from the upper flanks. Striations are faintly visible above the boot, striking
in a downhill (240°) direction (looking southeast). [B] Diamict, composed of lava boulders of varying size and
fine-grained silt, covers most of the upper flanks of Quetrupillan within the scoured zone, obscuring all under-
lying lava fields (looking west). [C] Glacial till covers the lava field of Vent 2 and the tuff ring of Vent 3 (looking

southeast). The field of view is ~200 m wide.

lan. Also, well-preserved subaerial lavas of nominally
Holocene age (see above) exposed below the terminus of
the scoured zone can be traced upslope into the scoured
zone, where they have been scraped and/or covered in
diamict. We conclude that as what are clearly Holocene
lavas have been eroded within the scoured zone, it must
be a Holocene feature.

An important implication of the Holocene glacial
erosion of the stratocone is that crucial evidence re-
lated to the growth and construction of the strato-
cone has been removed, such as the locations, num-
bers, and volumes of stratocone eruptions. Conse-
quently, the total volume of well-preserved Holocene
lava (~225 x 10° m3; see Subsection 4.4.1) that lies out-
side of the scoured zone is therefore a minimum esti-
mate.

No Holocene lavas with well-preserved blocky cara-
paces were found within the scoured zone. This means
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the most recent lava erupted from the stratocone has
been eroded, and thus must be older than the latest
ice advance and retreat. In their study of Nevados de
Chillan, Dixon et al. [1999] suggest that young small-
scale moraines on Nevados de Chillan may have been
formed during late Holocene re-advances such as the
Little Ice Age (LIA), which ended at the end of the
19" century [Matthews and Briffa 2005]. From ra-
diocarbon dates, dendrochronological data, and pollen
analyses, glacial advances throughout South America
are known to have occurred from the 15 to late 19t
centuries [Clapperton and Sugden 1988]. Patagonian
glaciers reached their maximum limits at various stages
throughout the 17t", 18, and 19! centuries [Mercer
1965], and glaciers in the Andes began to recede within
the last two decades of the 19" century [Clapperton
1983].

Given evidence of local ice advances across the An-
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Blanca

500 m

Figure 5: [A] Linear channels are visible in the diamict in satellite images, oriented radially from the summit.
The dotted lines highlight some that are visible to the north of Vent 3. The dashed line represents the edge of the
moraine. Satellite image from Google Earth (downloaded 09/10/2019). [B] Distinctive curving ridges of glacial
deposits are visible in satellite images at the edge of the scoured zone on the shores of Laguna Blanca, highlighted

by arrows. Satellite image from Google Earth (downloaded 07/10/2019).

des during the LIA, it is highly likely that glacial ad-
vances at Quetrupillan also occurred, with the last one
being towards the end of the 19" century. Scouring of
the stratocone by ice is likely to have occurred during
each period of glacial advance and retreat throughout
the LIA. The presence of a clear terminal moraine at
the outer limit of the scoured zone, coupled with a lack
of terminal moraines within the scoured zone, implies
that the most recent glacial advance at Quetrupillan (in
the late 19t century) was also the largest and most ex-
tensive. As the terminal moraine overlies the youngest
erupted lavas on the lower flanks of the stratocone (Fig-
ure 4C), this implies that there have been no effusive
eruptions within the scoured zone since the major 19t
century glacial advance.

The scoured zone of Quetrupillan (2360 m) is un-
usual, as scrutiny of satellite images suggests that there
is no equivalent scoured zone at the nearby volcanoes of
either Villarrica or Lanin. Villarrica (2847 m) currently
has a much greater ice mass occupying its upper flanks
than Quetrupillan, which would have been larger still
during the LIA. Although Lanin (3747 m) currently has
only a small summit ice cap, its summit lies at a much
higher elevation than Quetrupillan, and so during the
LIA it is likely that the summit ice mass would have
increased and spread substantially.

Temperature fluctuations in the LIA will have re-
sulted in similar and multiple episodes of ice accu-
mulation (in summit regions) followed by ice advance
(to lower elevations) at the ice-capped volcanoes of the
Villarrica-Quetrupillan-Lanin chain. However, while
Quetrupillan was extensively scoured by these LIA ice
advances, the same process has not obviously occurred
at either Villarrica or Lanin, even though their higher
elevations would have led to accumulation of larger ice
masses, with the potential to form extensive scoured
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zones on their stratocone flanks.

The process(es) that formed the scoured zone at
Quetrupillan is (are) not known, and require further
investigation. It is possible that the location and/or
specific glacier-volcano architecture of Quetrupillan re-
sulted in it having a higher sensitivity to LIA con-
ditions, and resulted in the more extensive ice ad-
vances and retreats which produced Quetrupillan’s
well-defined scoured zone, a feature that both Villar-
rica and Lanin apparently lack.

4.3 Geochemistry and mineralogy

Holocene lavas and eruptive products range in com-
position from basaltic andesite to trachyte (from
55 wt. % SiO; to 66 wt. % SiO,; Figure 6A; Table 1),
with most satellite vents having erupted trachytic
magma (64-66 wt. % SiO,; 7-8 wt. % Na,0+K,0).
Note that the “T” field on the Total Alkali Silica
plot (Figure 6A) includes both trachytes and trachy-
dacites, but following the criteria in Le Maitre et al.
[2002] for distinguishing between them, the Quetrupil-
lan rocks in the “T” field are all trachytes. The sam-
pled Holocene lavas erupted from the summit crater
also vary in composition from basaltic andesite to tra-
chyte (56-64 wt. % SiO,).

Trachyte lavas contain phenocrysts and glomero-
crysts of pyroxene (augite and enstatite, with minor pi-
geonite in some samples; Figure 6B), plagioclase (oligo-
clase to bytownite; Figure 6C), and magnetite and/or
ilmenite within glassy groundmass that contains mi-
crolites of the same minerals (Figure 7). The tra-
chyandesite and basaltic andesite samples contain phe-
nocrysts and glomerocrysts of pyroxene (augite and en-
statite; Figure 6B), plagioclase (andesine to bytownite;

Page 121


https://doi.org/10.30909/vol.115137

SIMMONS ET AL., 2020

Holocene volcanism at the Quetrupillan Volcanic Complex

t (b.d.L.).

imi

Table 1 — XRF results of samples. Some trace elements were not determined (n.d.) or below detection 1

Samples were collected from Quetrupillan (Quet), the Trancura Valley (Tran) or the Palguin Valley (Pal).
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Figure 6: Geochemical diagrams of lavas from Quetrupillan. [A] Total alkali silica plot (including tephra de-
posits in the Trancura and Palguin Valleys). [B] Pyroxene compositions. [C] Feldspar compositions. Samples are
grouped according to their source vent: red circles — Vents 1-9; blue triangles — Vents 10-12; black diamonds —
Vents 13-15; green squares — summit vent; inverted red triangle — Quetrupillan Trancura tephra; inverted black
triangle — Villarrica Trancura tephra; open black circle — Palguin tephra. In diagrams [B] and [C] filled symbols
represent data collected by EMPA and open symbols represent data from the SEM.

Figure 6C), olivine with resorbed rims, and magnetite
(Figure 7). Groundmass glass and melt inclusions have
compositions that range from basalt to high-silica tra-
chyte and rhyolite. Lavas contain two populations of
plagioclase phenocrysts, a pristine euhedral population
and a population with resorbed rims, sieve-textured in-
terior, and composition that varies from rim to core.

Tephra deposits preserved in valleys surrounding
Quetrupillan were analysed by XRF in order to de-
termine their provenance (Table 1). Trace element
abundances were compared with the characteristic ele-
mental abundances from Quetrupillan, Villarrica, and
Lanin (Figure 8; this work and other sources, see Sup-
plementary Material for references). Tephra produced
by Quetrupillan has compositions of trachyte and tra-
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chyandesite (Figure 6A).

4.4 Satellite vents and lavas

The most obvious and best-preserved products of
Holocene volcanism at Quetrupillan are the sixteen ex-
posed vents and their associated lavas that lie around
the lower flanks of the stratocone (labelled in Figure 2).
Twelve of these sixteen vents lie in a volcanic field that
is located 3-7 km south of the stratocone summit. In
this southern volcanic field, the volumetrically dom-
inant erupted composition is trachyte (Table 2), with
just one eruption of basaltic andesite and two eruptions
of trachyandesite. The three vents on the eastern flanks
of Quetrupillan (Vents 13, 14, and 15) have erupted
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Figure 7: Thin section images of lavas from satellite vents at Quetrupillan, of trachyte ([A] and [B]), trachyan-
desite ([C] and [D]) and basaltic andesite ([E] and [F]) composition. Pl - plagioclase, Cpx - clinopyroxene, Opx
— orthopyroxene, Ol — olivine, Mt — magnetite, V — vesicle. Scale bar in each image is 1 mm. Images show thin
sections under plane polarised light (PPL) and under crossed polars (XP).

trachyte and have produced two sizeable scoria cones,
along with a number of trachytic lavas that have flowed
east until they met a ~250 m high (fault) scarp and
were channelled northwards along the Huililco Valley,
against the lower edge of the scarp. Vent 16 is evident

Ss
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on aerial imagery but was not visited during fieldwork
and so its composition is unknown.

Most of the vents that lie within the southern vol-
canic field lie along two lineaments. Vents 1 to 5 (la-
belled in Figure 2) lie along a 2.7 km long lineament
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Figure 8: Trace element abundances of tephra samples from the Palguin Valley (pink crosses) and Trancura Valley
(open black circles), compared with Quetrupillan (blue circles), Villarrica (red stars) and Lanin (green triangles).
Data for Quetrupillan, Villarrica and Lanin is from this work and work by other authors. See Supplementary

Material for full references.

orientated at 157°. This is roughly parallel to the Pleis-
tocene trachyte fissure that lies to the west of Laguna
Azul [McGarvie 2014], and is approximately perpen-
dicular to the alignment of Vents 7, 8, and 9 (048°).
Field evidence indicates that each of the vents within
this volcanic field were only active for the duration of
the related eruption.

As Holocene volcanism at Quetrupillan has not been
the subject of a detailed study, we provide a description
of the volcanic features, with a focus on the trachyte
lavas.
4.4.1 Trachyte lavas
Of the sixteen flank vents at Quetrupillan, thirteen
have effused lavas, which range in volume from
~0.9 x 10° m3 to over 61 x 10° m3 (Table 2). Of
these, ten vents have produced trachyte lavas (over
200 x 10° m3 in total), while two have produced tra-
chyandesite lavas (4.1 x 10® m3) and one has produced
basaltic andesite lava (3.4 x 10° m3).

Trachyte lavas on Quetrupillin commonly contain
patches of oxidised, red spatter fragments, which in-
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crease in abundance towards their source vents (Fig-
ure 9A). As such, they are interpreted as clastogenic
lava flows, formed when accumulated spatter is suffi-
ciently molten to coalesce and remobilise into a lava
flow [Andronico et al. 2008; Sumner 1998]. The tra-
chyte lavas form blocky lava fields, with surfaces, flanks
and termini consisting of black, glassy blocks that
range in size from <30 cm to 1.5 m (Figure 9B). The
blocks have a combination of rough, vesicular, irregu-
lar surfaces, and smooth, planar surfaces bounded by
straight, sharp edges (Figure 9C and 9D), characteristic
of typical blocky lava flows [Cigolini et al. 1984; Mac-
donald 1953].

Many trachyte lava fields have ogives (arcuate ridges
orthogonal to flow direction) on their surface, caused
by folding and wrinkling of the lava flow crust during
emplacement [Fink 1980; Magnall et al. 2017]. This
is most clearly observed in aerial images of the lava
field from Vent 5, where well-developed ogives are
40-80 m in wavelength and up to 15 m in amplitude
(Figure 10A). Several of the lava fields have rubbly lev-
ees along their margins (Figure 10B), forming the edges
of what was, during emplacement, the active flow chan-
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Table 2 — Composition, areas, and volumes of lava fields produced by satellite vents on the flanks of Quetrupillan.

. . Area  Thickness  Volume
Vent Location Composition ) 6 3 Notes
(km*?) (m) (x 10° m?)
1 39°31°40” S, Trachyte NA NA NA No lava field
71°44°09” W
2 39°32°12” S, Trachyte 1.07 10 10.7 Includes assumed area below
71°44’01” W moraine
3 39°32’35” S, Trachyte 6.16 10 61.6 Includes assumed area under
71°43’51” W Vent 5 field. May extend further
south in the forested valley
towards the cones of Llizan.
4 39°32°49” S, Trachyte 0.13 10 1.3 Only includes exposed area. It
71°43’36” W will extend below the fields of
Vents 3 and 5.
5 39°32’54” S, Trachyte 2.30 25 57.5
71°43’31” W
6 39°33’24” S, Trachyte 0.50 10 5
71°42°19” W
7 39°33°49” S, Trachyte 3.06 10 30.6 May extend below Vent 3 field
71°41°17” W
8 39°33’37” S, Trachyte NA NA NA No lava field
71°41°06” W
9 39°33°24” S, Trachyte 0.23 5 1.2
71°40°43” W
10 39°33’01” S, Basaltic andesite  0.67 5 3.4
71°41°45” W
11 39°32°48” S,  Trachyandesite 0.63 5 3.2
71°41’12” W
12 39°31°50” S, Trachyandesite 0.18 5 0.9
71°42°13” W
13 39°31°06” S, Trachyte 0.88 10 8.8 Not including any of the flow in
71°40°09” W the forested Huililco Valley
14 39°30°38” S, Trachyte 1.98 10 19.8 Not including any of the flow in
71°40°25” W the forested Huililco Valley
15 39°29°40” S, Trachyte 2.09 10 20.9 Not including any of the flow in
71°41°08” W the forested Huililco Valley
16 39°29°05” S, NA NA NA NA No lava field, vent not visited
71°43’30” W

nel [Sparks et al. 1976]. The lava field of Vent 5 is the
thickest of all Holocene lava flows, with steep flow mar-
gins up to 25 m high defined by well-developed lev-
ees (Figure 10A). Numerous breakout lobes have also
formed along the margins of this lava field (Figure 10A
and 10C).

Five channelized lava flows are visible in aerial im-
ages of the large (~30 x 10° m3) trachyte lava field
from Vent 7, highlighted by ogives on their surfaces and
bounded by marginal shear zones (Figure 11A; Tuffen
et al. [2013]). During emplacement, separate channels
were active at different times as the lava flowed downs-
lope. In contrast, the emplacement of lava from Vent
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6 across relatively flat topography may account for the
fact that no features of channelisation are visible. In-
stead, the lava field has expanded laterally across the
plain.

4.4.2 Trachyte Vents

Seven of the satellite vents have constructed scoria
cones (Figure 11B), of which four are trachytic, and of
which all but one have produced lava fields. These
are interpreted to have been created by conventional
Strombolian activity, with magma fragmentation pro-
ducing tephra, scoria, and bombs which followed bal-
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Figure 9: Trachytic blocky lavas. [A] Trachyte lava from Vent 13 that contains red oxidised patches. [B] The
steep flow front of the lava field from Vent 7 (looking west), composed of polyhedral blocks of black, glassy
trachyte. [C] The lava field from Vent 2 (looking east). Polyhedral blocks have a combination of smooth, planar
surfaces with straight sharp edges (yellow arrows) and rough, vesicular, irregular surfaces (red arrows). [D] A
lava block from the lava field of Vent 13, showing the contrasting smooth and spinose edges to the polyhedral
lava fragments.

listic trajectories to be deposited surrounding the vent
[McGetchin et al. 1974; Valentine and Connor 2015].
The scoria cones range in height from 25 m to 120 m
and have average basal diameters of ~290 m to 650 m,
though all are asymmetric in shape due to a combina-
tion of prevailing wind direction, underlying palaeos-
lope, and conduit orientation [Tibaldi 1995].

There is evidence at some satellite vents that water
has been involved in the eruptive activity. Two trachyte
vents (1 and 2) have excavated craters through pre-
existing volcanic deposits (Figure 11C). Both craters
have similar dimensions of ~270 x 400 m, with their
long axes aligned with the strike of the associated fis-
sure. A small amount of pyroclastic material has accu-
mulated on the eastern rim of Vent 1, and no lava has
been produced. There is an absence of pyroclastic de-
posits on the crater rim of Vent 2, but lava flows have
effused from the vent and flowed southwest and south-
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east (Figure 1). We interpret that explosive phreatic
eruptions formed these craters when rising magma en-
countered groundwater within the bedrock. Once the
groundwater supply had been exhausted (i.e. the water:
lava ratio had been greatly reduced), pyroclastic mate-
rial was erupted at Vent 1 and effusion of lava occurred
at Vent 2.

Three trachyte vents (3, 4, and 8) have produced
shallow craters with diameters of ~400 m, surrounded
by low-rimmed mounds of tephra with gently sloping
sides (Figure 12A). The interior walls of the craters
are composed of vesicular, welded spatter while un-
consolidated tephra (vesicular bombs, lapilli, and ash)
drape the outer rims. We interpret these as tuff rings,
formed during phreatomagmatic eruptions when inter-
action between magma and sufficient external water
caused explosive fragmentation [Lorenz 1986; Wohletz
and Sheridan 1983]. As the influence of groundwa-
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Figure 10: [A] Satellite image of the lava field from Vent 5 highlighting ogives in the flow interior (dotted lines),
spidery breakout lobes (solid arrows) and levees along the flow margins (dashed arrows). The dashed line outlines
the scoria cone built around Vent 5. Satellite image from Google Earth (downloaded 03/12/2018). [B] Rubbly
levees along the edge of a lava field from Vent 11 (looking south from Vent 12). The lava channel is 20 m wide.
[C] A breakout lobe from the lava field of Vent 5 (looking south).

ter waned, lava flows effused from Vents 3 and 4 and
breached the tuff rings. Spines of lava aligned with
the flow direction are interpreted as remnants of the
breached tuff ring ramparts that have been transported
in the lava flow (Figure 12B). As only three of the satel-
lite vents of Quetrupillan have produced tuff rings, this
suggests that the presence of water was both transient
and local, given that neighbouring vents active during
the same fissure eruption do not show any features in-
dicating magma-water interactions.

The vigour of explosive phases of Holocene eruptions
is reflected in the extent and character of tephra blan-
kets that occur generally to the east (i.e. downwind)
of vents. For example, a particularly vigorous explo-
sive phase is inferred to have occurred from Vent 11,
as a tephra blanket which consists of agglutinated tra-
chyandesite spatter ~10 m thick at a distance of 1 km
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from the vent (Figure 12C) covers the ridge of Cerro
Colorado, southeast of Laguna Blanca (see Figure 2 for
location of named places).

4.4.3 Eruption stratigraphy of the satellite eruptions

Stratigraphic relationships can determine the relative
ages of some of the lava fields from the satellite vents on
the flanks of Quetrupillan (Table 3; Figure 2). However,
many of the lava fields are geographically isolated and
s0 it is not possible to determine their relative stratig-
raphy. It was not possible to use tephrostratigraphy to
assist with this, as tephra deposits are poorly preserved
on the exposed, unvegetated flanks of Quetrupillan and
are only locally preserved. In addition, thick snow cov-
ers the area during winter months, so any tephra de-
posited on the snow would be removed or modified
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Figure 11: [A] Satellite image of the lava field from Vent 7. Five channelized lava flows are highlighted with dotted
lines. Satellite image from Google Earth (downloaded 03/12/2018). [B] The scoria cone of Vent 14 (looking
north). The cone has a basal diameter of 650 m. [C] The Pre-Holocene lavas and pyroclastics exposed in the
excavated crater of Vent 2 (looking north). The crater width is 240 m.

during melting in spring. For this reason, the stratig-
raphy presented in Table 3 must be considered as ten-
tative as well as incomplete.

In the southern volcanic field the most recent erup-
tion occurred from a fissure to the east of Laguna Azul,
with activity from Vents 1 to 5 (termed Eruption A).
The lava field of Vent 4 is overlain by the lava field of
Vent 3, which is in turn overlain by the lava field of Vent
5, indicating that activity began at Vent 4. The younger
Vent 5 has also constructed a scoria cone on the edge of
the older tuff ring formed around Vent 4. The lava field
of Vent 2 diverges around and overlies the tuff rings of
Vents 3 and 4 and so must be younger than they are.
This lava has the freshest appearance of all Holocene
lavas, and so is interpreted as the youngest lava field of
Quetrupillan. Vent 1 did not produce a lava field, and
so the relative timing of its activity is unknown.

A second fissure eruption occurred on the southeast
flanks of Quetrupillan, with activity from Vents 7 to 9
(Eruption B). The creation of the Vent 8 tuff ring pre-
dates the effusion of lava from Vent 7, as lava spills over
the tuff ring into the Vent 8 crater. The Vent 7 lava field
also spills into the valley containing the Vent 3 lava
field, which it underlies, indicating that Eruption B is
older than Eruption A.

Vents 6 (Eruption C) and 10 (Eruption D) are located
on a plateau of Pre-Holocene lava. The Vent 7 lava field
infills the lobate edge of the Vent 6 lava field, indicat-
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ing that fissure Eruption B is younger than Eruption C.
An eroded lobe of lava from Vent 6 overlies the Vent
10 lava field, implying Eruption D pre-dates Eruption
C. The Vent 10 basaltic andesite lava field is completely
infilled by tephra, with highly weathered lava only oc-
casionally exposed at the edges of the field. This ap-
pearance suggests that Eruption D is significantly older
than the trachytic Eruptions A, B, and C.

The trachyandesite lava fields of Vents 11 and 12
are geographically isolated, with the lack of contact
between them preventing determination of their rela-
tive stratigraphy. They have been termed Eruption E
and F, respectively (Table 3). On the eastern flanks of
Quetrupillan, the Vent 13 lava field (Eruption G) over-
lies the Vent 14 lava field (Eruption H), indicating that
it is younger. The Vent 15 lava field (Eruption I) is geo-
graphically isolated, as is the cone of Vent 16 (Eruption
J), and so the relative timing of these eruptions cannot
be constrained.

4.4.4 The stratocone

In Subsection 4.2 we highlighted how the record of
Holocene volcanic activity that constructed the strato-
cone has been removed by repeated ice advances and
retreats during the Little Ice Age of the 17t—19t" cen-
turies, and evidence suggests that the most recent (19"
century) ice advance was also the most extensive. Con-
sequently, a major gap in our understanding of the
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Figure 12: [A] Vent 8 has produced a shallow ¢.400 m wide crater surrounded by a low-rimmed tuff ring. The
lava flow of Vent 9 is visible in the foreground, and Volcan Mocho-Choshuenco is in the background (looking
southwest). [B] Lava spines aligned with the flow direction of the lava field of Vent 3 (looking south). [C] A
~10 m thick drape of agglutinated spatter on the ridge of Cerro Colorado. Person for scale, highlighted by arrow

(looking NNW).

Holocene eruptive activity of Quetrupillan will be the
number, composition and volume of effusive eruptions
that took place anywhere on the stratocone. This in-
cludes lavas effused from the summit crater and from
any satellite vents on the upper flanks of the stratocone
within the scoured zone.

The remnants of columnar-jointed trachyte lava but-
tresses that are exposed within the scoured zone pro-
vide evidence that effusion of trachyte lavas from the
stratocone took place during the last (Llanquihue)
glacial period and/or earlier glacial periods. During
past glaciations, relatively thick ice covered the stra-
tocone and surrounding area [Hulton et al. 2002; Mc-
Garvie 2014], and so construction of at least an em-
bryonic stratocone must have taken place prior to the
Holocene. Logically, construction of the stratocone
would have continued during the Holocene, and the
partial burial of suspected Llanquihue glaciovolcanic
lava buttresses by scoured Holocene lavas supports
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this.

Within the inner walls of the summit crater are beds
of spatter and scoria (mostly oxidised), which are as-
sumed to represent the remnants of an unknown num-
ber of eruptions from the summit, of unknown age.
Due to accessibility difficulties these were not sam-
pled. Consequently, due to the removal of an unknown
amount of lava from the stratocone by Holocene glacial
erosion up until the end of the 19t century, it is not
possible to state anything definitive about the Holocene
construction of the stratocone by lava effusions from ei-
ther the summit crater or from flank vents within the
scoured zone.

4.5 Tephra layers in nearby valleys

Tephra layers are exposed in road cuttings in valleys
surrounding Quetrupillan. Two road cuttings were
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Table 3 — Relative eruption stratigraphy of activity from the satellite vents.

Eruption Vents Stratigraphic evidence Notes
A 1,2,3,4,5 Lavas overlie lava from Vent 7 so are This eruptive activity pre-dates the
younger than Eruption B most recent ice advance as the
moraine partly covers the lava field of
Vent 2 and the tuff rings of Vents 3
and 4 (Figure 4C)
B 7,8,9 Lava from Vent 7 underlies lava from
Vent 3 so is older than Eruption A.
Lava from Vent 7 abuts against the
Vent 6 lava field suggesting it is
younger than Eruption C
C 6 The edge of the Vent 6 lava field has
an irregular shape which is infilled by
the lava field from Vent 7
D 10 An eroded lobe of lava from Vent 6 Lava field is completely infilled by
overlies the lava field of Vent 10 tephra with only small patches of lava
exposed
E 11 None - isolated lava field
F 12 None — isolated lava field
G 13 Overlies the lava field of Vent 14
H 14 Underlies the lava field of Vent 13
I 15 None - isolated lava field
] 16 None —isolated scoria cone, no lava

field

logged in the Trancura valley near Puesco, to the east
of Quetrupillan (Figure 13). An outcrop of Cretaceous
granite basement rock is exposed at the base of section
T1, presumably cleared of all overlying material dur-
ing the last glacial period, indicating that the overlying
pyroclastic sequence has all been deposited during the
Holocene. Eleven tephra layers were identified within
this section (Figure 13) of which, according to analysis
of trace element abundances (Figure 8), three were pro-
duced by Quetrupillan. Villarrica is the source of the
remaining eight tephra layers.

Quetrupillan has produced the uppermost two
tephra layers in the sequence (Figure 13). The top
tephra layer is a 30 cm thick horizon of gritty, grey
ash, with abundant modern organic material due to
the presence of root matter from the overlying vegeta-
tion. It has a trachytic composition (Figure 6A). Below
this is a 1 m thick tephra layer which consists of pale,
poorly sorted subangular pumice that ranges from 2-
40 mm and is interspersed with sparse obsidian lithics.
This tephra layer, described elsewhere along the Tran-
cura Valley, is an airfall deposit that has been named
the Puesco Pumice by previous studies and dated at
1650 + 70 yr BP [Toloza 2015] and 1850-1987 cal BP
[Fontijn et al. 2016]. Our XRF analysis shows that the
Puesco Pumice is trachytic (Figure 9A), and has a simi-
lar composition to the Holocene trachyte lava fields on
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the flanks of Quetrupillan.

The third tephra layer produced by Quetrupillan is
in the lower half of the sequence. It is a 15 cm thick
horizon of moderately sorted, orange-brown pumice
ranging from 1-15 mm with an ashy matrix. This
pumice is a trachyandesite (Figure 6A).

At the two locations in the Trancura Valley that were
logged and sampled for this paper, all three of the
Quetrupillan tephra layers had the characteristics of
airfall deposits. There was no clear evidence of char-
acteristics representing the lateral movement of clasts
that characterise pyroclastic density current deposits.

A pyroclastic sequence in the Palguin Valley to the
northwest of Quetrupillan was also studied. Analysis
of trace element abundances (Figure 8) suggests that
none of the sampled tephra layers were produced by
Quetrupillan.

5 DiscussioN

5.1 The pattern of Holocene volcanism

The clearest expressions of Holocene volcanism at
Quetrupillan are the satellite vents and their lavas.
Compositionally, these are trachytes, trachyandesites,
and basaltic andesites, with trachytes being volumet-
rically dominant (Table 2; Figure 6A). Limited analyses
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Figure 13: [A] Logs of three pyroclastic sequences
studied and sampled in the Trancura Valley (T1 and
T2) and the Palguin Valley (P1), with labels identi-
fying tephra layers from Quetrupillan (Q), Villarrica
(V) and Mocho-Choshuenco (M-C). [B] Schematic map
showing the location of the logged sections in rela-
tion to Quetrupillan. T1: 39.52365°S, 71.55047°W; T2:
39.51823°S, 71.54813°W; P1: 39.42695°S, 71.76594°W

of lavas from the eroded stratocone indicate eruption of
the same compositional range from the summit region.
Consequently, there is no spatial-compositional pattern
at Quetrupillan, as seen at some volcanic complexes,
as all three magma types have been erupted both at
the stratocone and from the satellite vents. In contrast,
at Nevados de Chillan, the Cerro Blanco subcomplex
erupts basaltic andesite and the Las Termas subcom-
plex erupts dacite to rhyolite [Dixon et al. 1999; Mee
et al. 2009]. This suggests that the plumbing system
beneath Quetrupillan is in a less-ordered state.

There is a noticeable “non-eruptive” arc of ~8 km in
length around the western and northern margins of the
scoured zone, in which there is only one vent (Vent 16;
Figure 2), that appears to have produced only a small
scoria cone. Elsewhere, gaps between vents are from
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a few hundred metres up to 2 km, with a concentra-
tion of twelve of the sixteen satellite vents in a ~6 km
long sector to the south of the stratocone, that we have
termed the southern volcanic field. This pattern may
be related to a tendency for crustal rupturing to be fo-
cused in a zone south of the stratocone, associated with
fault splays from the nearby Liquine-Ofqui Fault Zone
[e.g. Cembrano and Lara 2009; Schonwalder-Angel et
al. 2018]. It is notable that Vents 1-5 lie on a distinct fis-
sure, as do Vents 7-9. Further evidence of crustal rup-
turing in this zone comes from two NNE-striking Pleis-
tocene subglacial trachyte fissure eruptions that flank
Laguna Azul [McGarvie 2014].

It is not possible to determine how many erup-
tions have occurred from the summit of the strato-
cone, as glacial scouring has removed evidence of
Holocene lava stratigraphy. However, as presented
in Subsection 4.4.4, within the scoured zone are nu-
merous eroded Holocene lava fields that have flowed
around suspected Llanquihue-age lava buttresses, and
have partly buried them. From this, we suggest that the
stratocone grew during the Holocene as a result of sub-
stantial pre-LIA lava effusions that resurfaced its upper
flanks. However, the lack of pristine lavas within the
scoured zone implies there have been no lava effusions
on the upper flanks of the stratocone since the end of
the LIA in the late 19t century.

To evaluate the number of Holocene eruptions from
the satellite vents, we consider two contrasting scenar-
ios; a simple scenario (i.e. fewest eruptions), and a com-
plex scenario (i.e. the maximum reasonable number of
eruptions). In the most complex scenario, each identi-
fied vent represents a separate eruptive episode. This
would imply that sixteen eruptions have occurred on
the lower flanks of Quetrupillan. An argument against
this is that the orientation and physical nature of Vents
1-5 indicate that they lie along a fissure, and so would
have all been active during the same eruptive episode.

The simple scenario involves just three eruptions:
one trachyte eruption, one trachyandesite eruption,
and one basaltic andesite eruption. If all the trachyte
vents were produced during just one eruption, then this
eruption occurred along an arc of ~14 km in length,
from Vent 1 in the west to Vent 15 in the northeast (pos-
sibly longer if Vent 16 is trachyte; Figure 2). This single
trachyte eruption would define an arc that may be re-
lated either to a previous ring fracture (caldera fault),
or to a more recent crustal weakness that could be acti-
vated during a future caldera-forming eruption.

We currently favour an intermediate scenario,
whereby the sixteen vents represent ~10 different erup-
tive episodes, as presented in Table 3. Vents 1-5
and Vents 7-9 represent fissure eruptions, with sev-
eral vents active during a single eruptive episode, as
discussed in Subsection 4.4.3. The remaining vents are
likely to represent individual eruptions.
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5.2 Hazard implications

This study provides additional information on the po-
tential hazards from effusive and explosive eruptions
that complements the existing “Mapa Preliminar De
Peligros Del Volcan Quetrupillan” (Preliminary Hazard
Map of Quetrupillan Volcano) published by the Servi-
cio Nacional de Geologia y Mineria [SERNAGEOMIN
2013]. Our study contributes no new information on la-
har hazards as we did not find any conclusive evidence
of preserved lahar deposits.

5.2.1 Effusive eruptions

Holocene lavas (largely trachytes) from the stratocone
and satellite vents have flowed down valleys and trav-
elled a maximum of ~15 km from their source vents.
Lavas are channelled to the north along the Huililco
Valley towards Catripulli, a lava pathway of ~17 km
from Quetrupillan’s summit, or to the south, where it is
a ~30 km lava pathway from the summit to Liquife (see
Figure 1 for named settlements). To the west there is a
potential lava pathway of ~22 km from the summit to-
wards Conaripe, but there are no known Holocene lavas
that have travelled in this direction.

Provided future eruptions occur in the vicinity of
known Holocene vents, there is little possibility of lavas
causing damage to any larger settlements. Given the
distances involved and the expected relatively low ve-
locities of trachytic lavas, and assuming good commu-
nication, there should be ample time for evacuation
of remote properties located in the higher valleys sur-
rounding Quetrupillan.

5.2.2 Explosive eruptions

During this study, three pyroclastic sequences were
logged and sampled to evaluate explosive eruptive ac-
tivity from Quetrupillan (Figure 13). One section was
to the northwest, in the Palguin Valley, and two sections
were to the east, in the Trancura Valley. The prevail-
ing wind is towards the east, so it was anticipated that
the Trancura section would provide the most compre-
hensive record of explosive volcanism from Quetrupil-
lan. The Palguin section was chosen as it was likely
to contain tephra only from the largest of Quetrupil-
lan’s explosive eruptions, as it is orthogonal to the ex-
pected west-to-east dispersal axis of Quetrupillan erup-
tive plumes [SERNAGEOMIN 2013].

Trace element analyses of tephra layers in the Palguin
Valley indicate that none of the sampled tephra layers
have been produced by Quetrupillan (Figure 8). In-
stead, one dacite layer comes from Mocho-Choshuenco
[Rawson et al. 2015], and the rest are from Villarrica,
which lies 15 km to the west (upwind). The absence of
any tephra from Quetrupillan suggests that there have
been no very large explosive eruptions from Quetrupil-
lan in the Holocene.

In the Trancura Valley, trace element analyses iden-
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tified three tephra layers from explosive eruptions at
Quetrupillan (Figure 8), of which two are trachytic and
one is trachyandesite (Figure 6A). This section is no-
table as it covers the entire Holocene, with the lower-
most tephra sitting directly on the plutonic basement
(Figure 13).

According to information provided by Servicio Na-
cional de Geologia y Mineria [SERNAGEOMIN 2019],
which appears to be based on the undergraduate disser-
tation study by Toloza [2015], nine explosive eruptions
from Quetrupillan are preserved in the Trancura Val-
ley. Our findings disagree with this, as we only assign
three units to Quetrupillan, and consequently the haz-
ard from explosive eruptions affecting areas to the east
(e.g. the Trancura Valley) is a factor of three less than
currently stated by SERNAGEOMIN.

It should be noted that Toloza [2015] does not pro-
vide any geochemical evidence to support the claim
that there are nine Holocene explosive eruptions from
Quetrupillan preserved in the Trancura Valley. Their
underlying assumption is that the vast majority of
tephra layers in the Trancura Valley must have come
from Quetrupillan. However, only by geochemically
analysing each unit can the provenance of each tephra
layer be established.

Toloza [2015] and the official hazard map [SERNA-
GEOMIN 2013] also suggest that there is a substan-
tial pyroclastic density current (PDC) hazard from
Quetrupillan in the Trancura Valley. Our observations
suggest that all three Quetrupillan tephra layers are air-
fall deposits. We found no evidence of sedimentary
structures reflecting lateral transport, characteristic of
PDC deposits, nor did any of these three layers show
the very poor sorting that characterises PDCs. How-
ever, it is notable that Fontijn et al. [2014] and Raw-
son et al. [2015], who carried out detailed logging and
sampling of tephra layers from numerous sites in this
region of Chile, both comment on the variability in
preservation of tephra even over short distances (i.e.
10s of metres). So whilst we found no evidence of PDC
deposition at our two sites, this may exist elsewhere.

In this context, it is important to note that the eroded
remnants of the Colmillo del Diablo volcano lie to
the east of Quetrupillan, as does the 200-380 m high
near-vertical fault scarp along the eastern edge of the
Huililco Valley. These form a major topographic bar-
rier that would hinder, if not block, the passage of
PDCs moving eastwards from Quetrupillan and into
the Trancura Valley. However, should PDCs be chan-
nelled northwards down the Huililco Valley by this to-
pographic barrier then they may reach the isolated set-
tlements located there.

In summary, our work suggests that the hazard from
explosive eruptions at Quetrupillan is less than the
current hazard map indicates [SERNAGEOMIN 2013],
given that our geochemical analyses identified only
three, rather than nine, units produced by explosive
eruptions that have reached the Trancura Valley. We
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also found no unequivocal evidence of PDC activity at
our studied sites in the Trancura Valley. This implies ei-
ther that no substantial PDCs have been produced dur-
ing the Holocene, or that the topographic barrier to the
east of Quetrupillan has prevented them from reaching
the Trancura Valley. However, we wish to emphasise
that our studied sections may have occurred away from
PDC pathways, and therefore a future target for hazard
evaluation would be a detailed study along the length
of the Trancura Valley to establish the past pathways of
PDCs, should they exist.

6 CONCLUSIONS

This paper provides the first detailed account of
Holocene volcanism at Quetrupillan. Holocene erup-
tions have occurred both at the stratocone and from
satellite vents on its flanks. The number and type of
eruptions from the summit is unknown due to removal
of lavas by ice during LIA glacial advances, resulting in
the prominent scoured zone. However, glaciovolcanic
buttresses on the flanks of the stratocone that are partly
buried by scoured summit lavas indicate that some con-
struction has taken place. We suggest that effusive ac-
tivity from the stratocone summit has been higher dur-
ing the Holocene than its scoured appearance implies.

We identified sixteen satellite vents on the flanks
of Quetrupillan, which we consider to represent ten
Holocene eruptive episodes. Satellite vents have pro-
duced tuff rings, scoria cones and phreatic craters, as
well as extensive lava fields. Some eruptions have oc-
curred on fissures, suggesting that fault splays related
to the LOFZ continue to influence the locations of erup-
tions at Quetrupillan. The volumetrically dominant
composition erupted from the satellite vents is tra-
chyte, with minor trachyandesite and basaltic andesite.
Limited sampling of stratocone lavas indicates that all
three compositions have also erupted from the summit.
Thus, unlike some Chilean volcanic complexes, there is
no relationship between eruption location and magma
composition at Quetrupillan.

Geochemical evidence from tephra layers in the
nearby Trancura Valley (downwind of Quetrupillan)
indicates that three sizeable explosive eruptions have
occurred from Quetrupillan during the Holocene. This
is much fewer than the nine eruptions stated by pre-
vious workers, however their study provided no geo-
chemical evidence to identify which volcano had pro-
duced the deposits. They also state that all deposits
were produced by PDC activity, while our examination
of tephra layers in road cuttings did not reveal any un-
equivocal evidence of the lateral transport structures
that are characteristic of PDCs. We consider it impor-
tant to note that there is a substantial topographic bar-
rier that would either hinder or block passage of PDCs
from Quetrupillan to the Trancura Valley. We would
suggest that a detailed study of multiple road cuttings
is undertaken to resolve the issue of PDC activity.
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