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Abstract

11

This paper provides the first detailed description of Holocene volcanism at the Quetrupillán Volcanic

12

Complex. This little-known volcanic complex consists of a truncated stratocone plus numerous

13

satellite vents on its lower flanks.

14

The c.16 satellite vents are the products of c.10 eruptions, with seven erupting trachytes (a

15

composition unusual in Chile), two erupting trachyandesites, and one erupting a basaltic andesite.

16

Intense and atypical Holocene scouring of the stratocone by ice has removed evidence of its

17

Holocene eruptions, and thus Holocene volcanism at the stratocone remains largely unknown.

18

Geochemical analysis of tephra layers from three logged sections in nearby valleys provides evidence

19

of only three explosive eruptions from Quetrupillán. No evidence of PDC deposits were identified at

20

the logged sections. Our results suggest that the explosive volcanic hazards from Quetrupillán are

21

less than current hazard maps indicate.
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1. Introduction

27

The Quetrupillán Volcanic Complex (Complejo Volcánico Quetrupillán), henceforth shortened to

28

Quetrupillán, lies in the Southern Volcanic Zone of the Chilean Andes, with the stratocone summit

29

located at 39°30’ S, 71°43’ W (Figure 1). Unlike its prominent neighbouring volcanoes, Villarrica and

30

Lanín, Quetrupillán is somewhat hidden from view, and this may explain why there is uncertainty

31

over whether there have been any eruptions from Quetrupillán since the surrounding valleys were

32

first settled by the Spanish in the mid-16th century. For example, Quetrupillán cannot be seen from

33

the main settlements of either Villarrica or Pucón as it is hidden behind Volcán Villarrica. The last

34

eruption from Quetrupillán is suspected to have occurred in 1872 AD (Petit-Breuilh, 2004), but we

35

consider that the evidence for this is weak because it lacks corroboration from multiple independent

36

sources.

37

Past work on Quetrupillán has been sporadic, and a detailed geological map of the volcanic complex

38

has not been published. Reconnaissance-level mapping has been carried out and results were

39

presented at conferences (Pavez, 1997), but this work has not been published in peer-reviewed

40

journals. Likewise, a study of volcano-ice interactions during the late Pleistocene began in 2012 but

41

has only appeared in conference presentations (e.g. McGarvie et al., 2014). A study of tephra layers

42

in the nearby Trancura Valley that have been attributed to explosive eruptions at Quetrupillán was

43

the subject of a dissertation (Toloza, 2015). Most recently, a subset of Holocene trachytic lavas were

44

sampled and analysed by Brahm et al. (2018).

45

The volcanic complex of Quetrupillán consists of a truncated (headless) stratocone, and numerous

46

satellite vents around the lower flanks of the stratocone, particularly on the southern flank (Figure

47

2). Two areas of distal volcanism are speculated to be satellite vents of Quetrupillán – Huililco, a

48

small basaltic andesite scoria cone c.12 km to the NE, and Llizan, a cluster of vegetated scoria cones

49

c.14 km to the SSW (Brahm et al., 2018; Pavez, 1997; Sun, 2001; Valdivia Muñoz, 2016). Given that

50

their relationship to Quetrupillán is currently both uncertain and unproven, we do not consider

51

these further in this paper.

52

The aims of this study are to: (1) map Holocene volcanism at Quetrupillán, to understand the pattern

53

of eruptive activity; (2) analyse lavas and pyroclastics, to understand the range of compositions

54

erupted; (3) log pyroclastic deposits in nearby valleys to establish the wider distribution and effects

55

of explosive eruptions; and (4) synthesise the information obtained in (1-3) and use this to evaluate

56

hazards from future eruptions of Quetrupillán.

57
58

2. Regional Setting

59

Quetrupillán lies in the Southern Volcanic Zone (SVZ) of the Chilean Andes, at 39°30’ S, 71°43’ W

60

(Figure 1). Along the western edge of South America, the oceanic Nazca Plate is subducting below

61

the continental South American Plate with oblique convergence (Cembrano & Lara, 2009; Stern,

62

2004), resulting in the NNE-trending margin-parallel volcanic arc of the Andes. The SVZ lies between

63

33°S and 46°S (López-Escobar, Cembrano, & Moreno, 1995), where magmatism is controlled

64

primarily by the dehydration of the subducted Nazca Plate and resultant partial melting of the

65

mantle wedge (Cembrano & Lara, 2009; Stern, 2004; Tatsumi, 2005).

66

The main structural feature of the SVZ is the Liquiñe-Ofqui Fault Zone (LOFZ), a c.1000 km long NNE-

67

trending intra-arc fault system (Cembrano et al., 1996; Hernandez-Moreno et al., 2014) which has

68

been interpreted to act as an active dextral transpressive strike-slip structure for at least the last 6

69

Ma (Cembrano & Lara, 2009). Quetrupillán sits within the LOFZ (Figure 1), though there is debate on

70

the precise location of the actual LOFZ faults. For example, (Moreno & Lara, 2008) map the LOFZ as

71

passing immediately to the west of Quetrupillán, along the Palguin Valley, while Rosenau et al.

72

(2006) map one fault terminating immediately south of Quetrupillán and another along the Trancura

73

Valley to the east. Hernandez-Moreno et al. (2014) map a splay of the LOFZ on either side of

74

Quetrupillán, along the Trancura Valley to the east, and across the eastern flank of Villarrica to the

75

west. Irrespective of the precise location of LOFZ faults in the area, it is evident that faulting

76

associated with the LOFZ has had a major influence on both the location and triggering of eruptions

77

at Quetrupillán (McGarvie et al., 2014).

78

Quetrupillán sits within the NW-SE orientated Villarrica-Lanín volcanic chain (Figures 1 and 3), a

79

chain of three active volcanoes, that lies oblique to the main volcanic arc of the Andes (Cembrano &

80

Lara, 2009; Hickey -Vargas, Roa, Escobar, & Frey, 1989). The westernmost volcano is Villarrica

81

(39°25’ S, 71°56’ W), which is one of the most active volcanoes in South America (Petit-Breuilh,

82

2004). It is an ice-capped, basaltic andesite stratocone with persistent open-vent degassing from the

83

lava lake in its summit crater (Witter et al., 2004). The easternmost volcano is the basalt to dacite

84

stratocone of Lanín (39°38’ S, 71°30’ W), which has not had any recorded historic eruptions (Lara et

85

al., 2004) and which has a small summit ice cap. Quetrupillán lies between Villarrica and Lanín, and

86

its truncated stratocone contrasts strongly with the conical stratocones of Villarrica and Lanín

87

(Figure 3).

88

Quetrupillán has been constructed on a basement of Cretaceous and Miocene plutonic units and

89

Triassic to Miocene volcano-sedimentary sequences of the Panguipulli, Curarrehue and Trapatrapa

90

Formations (Moreno et al., 1994). The younger volcanic edifice of Quetrupillán overlies the eroded

91

remnants of the Pleistocene stratovolcanoes Quinquilil (also known as “Colmillo del Diablo”) and

92

Cordillera El Mocho (Pavez, 1997).

93
94

3. Methods

95

Two field seasons were conducted at Quetrupillán, in February 2017 and January 2018. Observations

96

of deposits were made, samples were collected from lava flows and pyroclastic sequences, and field

97

mapping was supplemented with aerial images. In total, 70 samples were collected from lava flows

98

on the flanks of Quetrupillán, and 48 pyroclastic deposits were sampled in the Palguin and Trancura

99

valleys, to the northwest and east of Quetrupillán, respectively.

100

All further analyses were undertaken at the University of Edinburgh. Polished thin sections of 36

101

samples of Holocene lavas were cut, and these were analysed under a petrological microscope.

102

Twenty-one thin sections were studied using the scanning electron microscope (SEM) and semi-

103

quantitative analyses were performed using the energy dispersive spectrometer (EDS) included in

104

the instrument (https://www.ed.ac.uk/geosciences/facilities/sem/specification). Thirteen thin

105

sections were further analysed with the electron microprobe (EMPA)

106

(https://www.ed.ac.uk/geosciences/facilities/electron/instrumentspec).

107

Fifty-seven samples of Holocene lavas and pyroclastic deposits were selected for X-ray fluorescence

108

(XRF) analysis (https://www.ed.ac.uk/geosciences/facilities/xrayfluorescence/xrf) to determine

109

abundances of major and trace elements. Samples were crushed and then ground to powder using

110

agate grinding jars. Trace element concentrations were measured from pressed powder pellets.

111

Major element concentrations were measured from fused glass discs. To create the discs, powders

112

were heated at 1100°C for 20 minutes and the loss on ignition (LOI) of volatiles was recorded (tephra

113

samples were first heated overnight at 450°C to burn off any organic material). Powders were then

114

mixed with a borate flux and remelted at 1100°C, before casting on a hotplate.

115
116

4. Holocene Volcanism at Quetrupillán

117

4.1 Glacier-volcano interactions

118

Currently, substantial icefields (of unknown thickness) occur on the stratocone, with the main ice

119

mass occupying the oval c.1.3 × 1 km summit crater and having an ice surface that dips gently to the

120

southeast. The summit crater is an irregular feature with walls of variable height, but at two low

121

points ice has flowed outwards to form a small (c.0.8 × 0.4 km) icefield to the northeast and another

122

to the southeast (c.1.4 × 0.7 km).

123

We hypothesise that during the Holocene the ice mass on the Quetrupillán stratocone was much

124

more extensive, with ice extending as far as 5 km from the summit. There are three main lines of

125

evidence supporting this: (1) within a zone of 2-5 km radius from the summit, all lavas have been

126

scraped and scoured (henceforth known as the scoured zone; Figures 2 and 4); (2) deposition of a

127

thin and impersistent blanket of diamict occurs over much of the scoured zone (Figures 5 and 6); (3)

128

at the termini of the scoured zone are curved trains of boulders that form distinct topographic highs

129

up to 4 metres in height (Figure 7).

130

The direction of scouring can be determined both on a micro scale from striae on scraped lava

131

surfaces (Figure 4), and on a macro scale from aerial imagery in which irregular linear channels are

132

eroded into the lava and linear diamict deposits (Figure 8). All micro and macro direction indicators

133

are oriented radially to the stratocone summit. The diamict blanket is a poorly sorted and

134

unconsolidated deposit consisting of largely non-vesicular lava boulders of varying size, and a

135

smaller sand-silt sized fraction (Figure 5). We interpret this diamict as glacial till (i.e. moraine), and

136

we interpret the curving trains of boulders that mark the outer boundary of the scoured zone as a

137

terminal moraine (Figure 7).

138

All of the Holocene lavas that lie outside the scoured zone have well-preserved blocky carapaces (i.e.

139

upper surfaces and flanks), indicating minimal or no erosion since their eruption. However, it is

140

apparent from dip directions that some of these lavas originate within the scoured zone, and when

141

they are traced upslope into the scoured zone, their blocky carapaces have been removed and all

142

exposed lava surfaces are either scoured and/or are covered with the glacial till. This indicates that

143

the local ice advance that scoured these lavas occurred during the Holocene.

144

The relevance of this Holocene scouring is that it has removed and/or obscured evidence of the

145

Holocene volcanism that has constructed the stratocone. The clearest evidence supporting this claim

146

comes from a number of Holocene lavas on the lower flanks that have the characteristic pristine and

147

well-preserved loose blocky carapaces of non-eroded Holocene lavas. However, when these are

148

traced upslope into the scoured zone these carapaces have been removed and the lavas have been

149

scoured and scraped (e.g. striae are abundant).

150

The timing of this local ice advance is important to estimate. As no pristine Holocene lavas were

151

found within the scoured zone it means that the most recent ice advance must postdate the

152

youngest lava effusion from the stratocone summit crater. In their study of Nevados de Chillán,

153

Dixon et al. (1999) suggest that young small-scale moraines on Nevados de Chillán may have been

154

formed during late Holocene re-advances such as the Little Ice Age (LIA), which ended at the end of

155

the 19th century (Matthews & Briffa, 2005). From radiocarbon dates, dendrochronological data and

156

pollen analyses, glacial advances throughout South America are known to have occurred from the

157

15th to late 19th centuries (Clapperton & Sugden, 1988). Patagonian glaciers reached their maximum

158

limits at various stages throughout the 17th, 18th and 19th centuries (Mercer, 1965), and glaciers in

159

the northern Andes began to recede within the last two decades of the 19th century (Clapperton,

160

1983).

161

It therefore seems logical to assume that recent glacial advances at Quetrupillán also occurred

162

during the LIA, with the last one being towards the end of the 19th century. Scouring of the

163

stratocone is likely to have occurred during each period of glacial advance and retreat throughout

164

the LIA. The presence of a clear terminal moraine at the outer limit of the scoured zone and lack of

165

terminal moraines within the scoured zone implies that the most recent glacial advance at

166

Quetrupillán (in the 19th century) was also the most extensive. As the terminal moraine overlies the

167

youngest erupted lavas on the lower flanks of the stratocone (Figure 6), this implies that there have

168

been no effusive eruptions within the scoured zone since the major 19th century glacial advance.

169
170

4.2 Geochemistry and mineralogy

171

Holocene lavas and eruptive products range in composition from basaltic andesite to trachyte (from

172

53 wt. % SiO2 to 66 wt. % SiO2; Figure 9A; Table 1), with most satellite vents having erupted trachytic

173

magma (64-66 wt. % SiO2; 7-8 wt. % Na2O+K2O). Note that the “T” field on the Total Alkali Silica plot

174

(Figure 9A) includes both trachytes and trachydacites, but following the criteria in Le Maitre et al.

175

(2002) for distinguishing between them, the Quetrupillán rocks in the “T” field are all trachytes. The

176

sampled Holocene lavas erupted from the summit crater also vary in composition from basaltic

177

andesite to trachyte (56-64 wt. % SiO2).

178

Trachyte lavas contain phenocrysts and glomerocrysts of pyroxene (augite and enstatite, with minor

179

pigeonite in some samples; Figure 9B), plagioclase (oligoclase to bytownite; Figure 9C), and

180

magnetite and/or ilmenite within glassy groundmass that contains microlites of the same minerals.

181

The trachyandesite and basaltic andesite samples contain phenocrysts and glomerocrysts of

182

pyroxene (augite and enstatite; Figure 9B), plagioclase (andesine to bytownite; Figure 9C), olivine

183

with resorbed rims and magnetite.

184

Groundmass glass and melt inclusions have compositions that range from basalt to high silica

185

trachyte and rhyolite. Trachyte lavas contain two populations of plagioclase phenocrysts, a pristine

186

euhedral population and a population with resorbed rims, sieve-textured interior and composition

187

that varies from rim to core. Enclaves of andesite are present in several trachytic lava flows (Figure

188

9A). The magmatic evolution of Quetrupillán will be considered in a companion paper.

189

Tephra deposits preserved in valleys surrounding Quetrupillán were analysed by XRF in order to

190

determine their provenance (Table 1). Trace element abundances were compared with the

191

characteristic elemental abundances from Quetrupillán, Villarrica and Lanín (Figure 10; this work and

192

other sources, see supplementary data for references). Tephra produced by Quetrupillán has

193

compositions of trachyte and trachyandesite (Figure 9A).

194
195

4.3 Satellite vents and lavas

196

The most obvious and best-preserved products of Holocene volcanism at Quetrupillán are the 16

197

exposed vents and their associated lavas that lie around the lower flanks of the stratocone (labelled

198

in Figure 2). Twelve of these 16 vents lie in a volcanic field that is located 2-5 km south of the

199

stratocone summit. In this southern volcanic field, the volumetrically dominant erupted composition

200

is trachyte (Table 2), with just one eruption of basaltic andesite and two eruptions of trachyandesite.

201

The three vents on the eastern flanks of Quetrupillán (Vents 13, 14, and 15) have erupted trachyte

202

and have produced two sizeable scoria cones, along with a number of trachytic lavas that have

203

flowed east until they met a c.250 m high (fault) scarp and were channelled northwards along the

204

Huililco Valley, against the lower edge of the scarp. Vent 16 is evident on aerial imagery but was not

205

visited during fieldwork and so its composition is unknown.

206

Most of the vents that lie within the southern volcanic field lie along two lineaments. Vents 1 to 5

207

(labelled in Figure 2) lie along a 2.7 km long lineament orientated at 157°. This is roughly parallel to

208

the Pleistocene trachyte fissure eruption that lies to the west of Laguna Azul (McGarvie et al., 2014),

209

and is approximately perpendicular to the alignment of Vents 7, 8 and 9 (048°). Field evidence

210

indicates that each of the vents within this volcanic field were only active for the duration of the

211

related eruption.

212

As Holocene volcanism at Quetrupillán has not been the subject of a detailed study, we provide a

213

description of the volcanic features, with a focus on the trachyte lavas as these are unusual in Chile

214

(Brahm et al., 2018).

215
216

4.3.1 Trachyte lavas

217

Of the sixteen flank vents at Quetrupillán, thirteen have effused lavas, which range in volume from

218

~0.9 × 106 m3 to over 61 × 106 m3 (Table 1). Ten vents have produced trachyte lavas, two vents have

219

produced trachyandesite lavas, and one vent has produced a basaltic andesite lava. The following

220

account deals only with trachyte lavas.

221

Trachyte lavas on Quetrupillán commonly contain patches of oxidised, red spatter fragments, which

222

increase in abundance towards their source vents (Figure 11). As such, they are interpreted as

223

clastogenic lava flows, formed when accumulated spatter is sufficiently molten to coalesce and

224

remobilise into a lava flow (Andronico et al., 2008; Sumner, 1998).

225

According to MacDonald (1953), blocky lava flows are composed of polyhedral fragments of lava

226

bounded by dihedral angles, with a mix of smooth and spinose surfaces. These blocks form during

227

autobrecciation of the lava as the cooled crust is fragmented (Macdonald, 1953; Cigolini et al.,

228

1984). Rough vesicular surfaces are interpreted to represent the original upper surface of the active

229

lava flow, while the smooth planar surfaces are interpreted to represent the fractured interior of the

230

lava flow. The overall structure of a blocky lava flow is similar to that of an a’a’ flow, with a massive

231

central layer within the flow, overlain and underlain by brecciated lava fragments (MacDonald,

232

1953). This description fits well with our observations of trachyte lavas at Quetrupillán, where the

233

trachyte lavas form blocky lava fields, with surfaces, flanks and termini consisting of black, glassy

234

blocks that range in size from <30 cm to 1.5 m (Figure 12). The blocks have a combination of smooth,

235

planar surfaces bounded by straight, sharp edges, and rough, vesicular, irregular surfaces (Figure 13).

236

Many trachyte lava fields have ogives (arcuate ridges orthogonal to flow direction) on their surface,

237

interpreted to be caused by folding and wrinkling of the lava flow crust during emplacement (Fink,

238

1980; Magnall et al., 2017). This is most clearly observed in aerial images of the lava field from Vent

239

5, where well-developed ogives are 40–80 m in wavelength and up to 15 m in amplitude (Figure 14).

240

Many of the lava fields have well-developed rubbly levees along their margins (Figure 15), forming

241

the edges of what was, during emplacement, the active flow channel (Sparks et al., 1976). The lava

242

field of Vent 5 is the thickest of all Holocene lava flows, with steep flow margins up to 25 m high and

243

well-defined levees along these margins (Figure 14). The Vent 5 lava field also has numerous

244

breakout lobes along its margins (Figures 14 and 16). Breakout lobes form in cooling-limited lava

245

flows when the cooled lava crust prevents advance of the flow. Pressure within the flow builds, until

246

the crust is fractured and a breakout lobe forms (Magnall et al., 2017).

247

Five channelized trachyte lava flows are visible in aerial images of the large (~30 × 106 m3) lava field

248

from Vent 7 (Figure 17). These are highlighted by the ogives on their surfaces and are bounded by

249

marginal shear zones (Tuffen et al., 2013). During emplacement of the trachyte lava, separate

250

channels would have been active at different times as the lava flowed downslope. In contrast, the

251

emplacement of the trachyte lava from Vent 6 across relatively flat topography may account for the

252

fact that no features of channelization are visible. Instead, the lava field has expanded laterally

253

across the plain.

254
255

256

4.3.2 Trachyte Vents

257

Seven of the satellite vents have constructed scoria cones (Figure 18), of which four are trachytic,

258

and of which all but one have produced lava fields. These are interpreted to have been created by

259

conventional Strombolian activity, with magma fragmentation producing tephra, scoria and bombs

260

which followed ballistic trajectories and were deposited surrounding the vent to build up the scoria

261

cones (McGetchin et al., 1974; Valentine & Connor, 2015). The scoria cones are composed of

262

vesicular scoria that is often oxidised to a red colour.

263

The scoria cones range in height from 25 m to 120 m and have average basal diameters of ~290 m to

264

~650 m, though all are asymmetric in shape due to a combination of prevailing wind direction,

265

underlying palaeoslope, and conduit orientation (Tibaldi, 1995). The ratio of cone height to basal

266

diameter varies between 0.1 and 0.2. Cones have average slopes of 14° to 27°, which is lower than

267

the angle of repose for scoria (~30°; Wood, 1980). It would be expected that welding of spatter

268

alone would build a steeper-sided cone (Wood, 1980).

269

Scoria cones reflect modest explosive eruptions in the absence of water (or in the presence of only

270

minor amounts). However, there is evidence at some trachyte vents at Quetrupillán that water has

271

been involved. Firstly, two trachyte vents (1 and 2) have excavated craters through pre-existing

272

volcanic deposits (Figure 19). Both craters are oval with similar dimensions of ~270 × 400 m, with

273

their long axes aligned along the strike of the associated fissure. Only a limited amount of pyroclastic

274

material has accumulated on the eastern rim of Vent 1, and no lava has been produced. At Vent 2

275

there is an absence of pyroclastic deposits on the crater rim, but lava flows have effused from the

276

crater and flowed southwest and southeast. We interpret these two craters as being formed

277

primarily by phreatic eruptions as rising magma encountered groundwater within the bedrock, and

278

once the groundwater supply had been exhausted (i.e. the water:lava ratio had been greatly

279

reduced), a small amount of pyroclastic material was erupted at Vent 1 and more substantial

280

effusion of lava occurred at Vent 2.

281

Secondly, three trachyte vents (3, 4 and 8) have produced shallow craters with diameters of ~400 m,

282

surrounded by low-rimmed mounds of tephra with gently sloping sides (Figure 20). The interior walls

283

of the craters are composed of welded and vesicular spatter/scoria, while unconsolidated tephra

284

(vesicular bombs, lapilli, and ash) drape the outer rims. We interpret these as tuff rings, with the

285

initial phase of the eruption producing unconsolidated tephra as the uprising magma encountered

286

groundwater, and the later phase producing scoria/spatter (and lava) as the influence of

287

groundwater waned. Lavas that originate from Vents 3 and 4 have breached their tuff rings, and lava

288

spines aligned with the flow direction are interpreted as remnants of breached tuff ring ramparts

289

that have been transported by the lava (Figure 21).

290

Tuff rings form during phreatomagmatic eruptions when interaction between magma and sufficient

291

external water causes explosive fragmentation (Lorenz, 2000; Wohletz & Sheridan, 1983). Ejecta is

292

blasted away from the vent to form a shallow ring that is constructed on top of the pre-eruption

293

land surface. As only three of the satellite vents of Quetrupillán have produced tuff rings, this

294

suggests that the presence of water was both transient and local, given that neighbouring vents

295

active during the same eruption do not show any features indicating magma-water interactions.

296
297

4.3.3 Eruption stratigraphy of the satellite eruptions

298

Stratigraphic relationships can determine the relative ages of some of the lava fields from the

299

satellite vents on the flanks of Quetrupillán (Table 3; Figure 2). However, many of the lava fields are

300

geographically isolated and so it is not possible to determine their relative stratigraphy. It was also

301

not possible to use tephrostratigraphy to assist with this, as tephra deposits are only locally

302

preserved (i.e. around vents) and are poorly preserved on the exposed, unvegetated flanks of

303

Quetrupillán. In addition, during winter months thick snow covers the area and so any tephra

304

deposited on this snow would be much modified and/or removed during melting in spring.

305

In the southern volcanic field the most recent eruption occurred from a fissure to the east of Laguna

306

Azul, with activity from Vents 1 to 5. Termed Eruption A, the order of activity along the fissure can

307

also be established through stratigraphic relationships between the lava fields. Of the five vents of

308

the fissure, Vent 1 did not produce a lava field, and so the timing of its activity is unknown. Vent 2

309

has produced the freshest-looking and least weathered of all Holocene lava fields, and so is

310

interpreted as the youngest lava field of Quetrupillán. This lava field diverges around and overlies

311

the tuff rings of Vents 3 and 4, and so must be younger than they are. The oldest lava field from this

312

fissure is from Vent 4, as it is overlain by the lava field of Vent 3, which is in turn overlain by the lava

313

field of Vent 5. The younger Vent 5 has also constructed a scoria cone on the edge of the older tuff

314

ring formed by Vent 4.

315

On the southeast flanks of Quetrupillán, another fissure (Eruption B) has been active from Vents 7 to

316

9. The lava field from Vent 7 spills into the valley containing the lava field from Vent 3, which overlies

317

it, indicating that Eruption B is older than Eruption A. Within the eruptive episode of Eruption B, the

318

creation of the tuff rung of Vent 8 pre-dates the effusion of lava from Vent 7, as lava from Vent 7

319

spills into the tuff ring of Vent 8.

320

Vents 6 (Eruption C) and 10 (Eruption D) are located on a plateau of Pre-Holocene lava. The lava field

321

of Vent 7 abuts against and infills the lobate edge of the Vent 6 lava field indicating that Eruption C

322

from Vent 6 is older than the fissure Eruption B. The basaltic andesite lava field of Vent 10 is

323

completely infilled by tephra. Highly weathered lava is only occasionally exposed at the edges of the

324

field, the outline of which is clearly visible in aerial images. These observations suggest that the lava

325

field of Vent 10 is significantly older than the fresh-looking, well-exposed trachytic lavas from

326

Eruptions A and B. A small lobe of lava from Vent 6 overlies the lava field of Vent 10, confirming that

327

the Eruption D pre-dates Eruption C.

328

The trachyandesitic lava fields produced by Vents 11 and 12 are geographically isolated. The lack of

329

contact between them prevents determination of their relative stratigraphy, as overlying

330

relationships cannot be established. They have been termed Eruption E and F, respectively (Table 2).

331

On the eastern flanks of Quetrupillán, the lava field of Vent 13 (Eruption G) appears to overlie the

332

lava field of Vent 14 (Eruption H), indicating that it is younger. The lava field of Vent 15 (Eruption I) is

333

geographically isolated, as is the cone of Vent 16 (Eruption J), and so the relative timing of these

334

eruptions cannot be constrained.

335
336

4.4 The stratocone

337

In section 4.1 we highlighted how the record of Holocene volcanic activity that constructed the

338

stratocone has been completely removed by repeated ice advances and retreats during the Little Ice

339

Age of the 17th-19th centuries, with the most recent (19th century) ice advance also being the most

340

extensive. Consequently, a major gap in our understanding of the Holocene eruptive activity of

341

Quetrupillán will be the number, composition and volume of effusive eruptions that took place

342

anywhere on the stratocone. This includes lavas effused from the summit crater and from any

343

satellite vents on the upper flanks of the stratocone within the scoured zone.

344

The remnants of columnar-jointed trachyte lava buttresses that are exposed within the scoured zone

345

provide evidence that effusion of trachyte lavas from either the stratocone summit and/or satellite

346

vents took place during the last glacial period (Llanquihue glaciation, 29 400-14 550 14C yr BP;

347

Glasser et al., 2008). At this time relatively thick ice covered the stratocone and surrounding area

348

(McGarvie et al., 2014), and so construction of at least an embryonic stratocone must have taken

349

place prior to the Holocene. Logically, construction of the stratocone would have continued during

350

the Holocene, and the partial burial of the Llanquihue lava buttresses by scoured Holocene lavas

351

supports this.

352

Within the inner walls of the summit crater are beds of spatter and scoria (mostly oxidised), which

353

are assumed to represent the remnants of an unknown number of eruptions from the summit, of

354

unknown age. Due to access difficulties (i.e. dangers) these were not sampled.

355

Consequently, due to the removal of an unknown amount of lava from the stratocone by Holocene

356

glacial erosion up until the end of the 19th century, it is not currently possible to state anything

357

definitive about the Holocene construction of the stratocone by lava effusions from either the

358

summit crater or from flank vents within the scoured zone. However, deposits from explosive

359

activity either at the summit crater and/or from flank vents may be preserved in valleys to the east

360

of Quetrupillán (i.e. downwind of the prevailing wind direction), and these are discussed in the next

361

sub-section.

362
363

4.5 Tephra layers in nearby valleys

364

Tephra layers are exposed in road cuttings in valleys surrounding Quetrupillán. Two road cuttings

365

were logged in the Trancura valley near Puesco (T1: 39.52365° S, 71.55047° W; T2: 39.51823° S,

366

71.54813° W), to the east of Quetrupillán (Figure 22). An outcrop of Cretaceous granite basement

367

rock is exposed at the base of section T1, presumably cleared of all overlying material during the last

368

glacial period, indicating that the overlying pyroclastic sequence has all been deposited during the

369

Holocene. Eleven tephra layers were identified within this section (Figure 22) of which, according to

370

analysis of trace element abundances (Figure 10), three were produced by Quetrupillán. Villarrica is

371

the sources of the remaining eight tephra layers.

372

Quetrupillán has produced the uppermost two tephra layers in the sequence (Figure 22). The top

373

tephra layer is a 30 cm thick horizon of gritty, grey ash, with abundant modern organic material due

374

to the presence of root matter from the overlying vegetation. It has a trachytic composition (Figure

375

9A). Below this is a 1 m thick tephra layer which consists of pale, poorly sorted subangular pumice

376

that ranges from 2 – 40 mm and is interspersed with sparse obsidian lithics. This tephra layer,

377

described elsewhere along the Trancura Valley, is an airfall deposit that has been named the Puesco

378

Pumice by previous studies and dated at 1650 ± 70 y BP (Toloza, 2015) and 1850-1987 cal BP (Fontijn

379

et al., 2016). Our XRF analysis shows that the Puesco Pumice is trachytic (Figure 9A), and has a

380

similar composition to the Holocene trachyte lava fields on the flanks of Quetrupillán.

381

The third tephra layer produced by Quetrupillán is in the lower half of the sequence. It is a 15 cm

382

thick horizon of moderately-sorted, orange-brown pumice ranging from 1 – 15 mm with an ashy

383

matrix. This pumice is a trachyandesite (Figure 9A).

384

At the two locations in the Trancura Valley that were logged and sampled for this paper, all three of

385

the Quetrupillán tephra layers had the characteristics of airfall deposits. There was no clear evidence

386

of characteristics representing the lateral movement of clasts that characterise PDCs.

387

A pyroclastic sequence in the Palguin Valley (39.42695°S, 71.76594°W) to the northwest of

388

Quetrupillán was also studied. Analysis of trace element abundances (Figure 10) suggests that none

389

of the sampled tephra layers were produced by Quetrupillán.

390
391

5. Discussion

392

5.1 The pattern of Holocene volcanism

393

The clearest expressions of Holocene volcanism at Quetrupillán are the satellite vents and their

394

lavas. These are trachytes, trachyandesites and basaltic andesites, with trachytes being

395

volumetrically dominant (Table 2; Figure 9A). Limited analyses of lavas from the eroded stratocone

396

also indicate eruption of trachytes, trachyandesites, and basaltic andesites from the summit region.

397

Consequently, there is no spatial-compositional pattern at Quetrupillán, as all three magma types

398

are erupted both at the stratocone and at the satellite vents. This is different to the spatial-

399

compositional pattern seen in some volcanic complexes, such as at the Nevados de Chillán volcanic

400

complex, where the Cerro Blanco subcomplex erupts mostly basaltic andesite, and the Las Termas

401

subcomplex erupts mostly dacite-rhyolite (Dixon et al., 1999; Mee et al., 2009). This suggests that

402

the plumbing system beneath Quetrupillán is in a less-ordered state, and possible reasons for this

403

will be explored further in a companion paper.

404

For three reasons it is not possible to reconstruct a full and accurate stratigraphy for effusive

405

Holocene volcanism at Quetrupillán. Firstly, outside the scoured zone there are insufficient overlaps

406

between lavas from different eruptions. Secondly, within the scoured zone, scouring has removed

407

evidence of Holocene lava stratigraphy. And thirdly, lack of vegetation in this upland region prevents

408

long-term preservation of widespread tephra marker horizons that would aid construction of a

409

relative stratigraphy. Furthermore, winter snow cover means that any tephra falling on snow is

410

much disrupted and/or removed when the snow melts. Consequently, the stratigraphic table

411

presented in Table 3 must be considered as tentative as well as incomplete.

412

A question worth asking is “by how much did the stratocone grow during the Holocene?” Evidence

413

presented in Section 4.4 indicates that within the scoured zone there are numerous eroded

414

Holocene lava fields that have flowed around suspected Llanquihue-age lava buttresses, and have

415

partly buried them. From this evidence, it is reasonable to suggest that the stratocone did grow as a

416

result of substantial pre-LIA lava effusions that resurfaced its upper flanks. However, there have

417

been no lava effusions on the upper flanks of the stratocone in the past c.150 years (i.e. since the

418

end of the LIA in the last 19th century).

419

When evaluating the general pattern of satellite vents on the lower flanks of the stratocone, there is

420

a noticeable ‘non-eruptive’ arc of c.8 km in length around the west and northeast margins of the

421

scoured zone, in which there is only one eruption (Vent 16), which appears to have produced only a

422

small scoria cone. Elsewhere between vents there are gaps of only a few hundred metres up to a

423

maximum of 1.7 km (between Vents 14 and 15). There is a notable concentration of 12 of the 16

424

satellite vents in a c.6 km long sector to the south of the stratocone, in what we have termed the

425

southern volcanic field. The reasons for this pattern are unclear but may be related to a tendency for

426

crustal rupturing to be focused in a zone south of and distant from the stratocone, with this

427

rupturing being related to fault splays from the nearby Liquiñe-Ofqui Fault Zone (LOFZ; e.g.

428

Cembrano & Lara, 2009; Schonwalder-Angel et al., 2018). It is notable that Vents 1-5 lie on a distinct

429

fissure, as do Vents 7-9. Further corroboration of crustal rupturing south of the stratocone comes

430

from two NNE-striking Pleistocene subglacial trachyte fissure eruptions c.3 km and c.5 km in length

431

that flank Laguna Azul (McGarvie et al., 2014).

432

A key question to consider is “how many Holocene eruptions have occurred at Quetrupillán?” As

433

argued above, it is simply not possible to determine how many eruptions have occurred at the

434

stratocone as the necessary evidence has been removed by erosion. Even though the satellite vents

435

and their lavas are well exposed, the lack of stratigraphic control means that a robust and reliable

436

relative eruption stratigraphy cannot be constructed. Nevertheless, to evaluate how many satellite

437

eruptions the 16 vents might represent, it is instructive to consider two contrasting scenarios: a

438

simple scenario (i.e. fewest eruptions), and a complex scenario (i.e. the maximum reasonable

439

number of eruptions).

440

The simple scenario involves just three eruptions, with one trachyte eruption, one trachyandesite

441

eruption, and one basaltic andesite eruption. If we assume that all the trachyte vents were produced

442

during just one eruption, then this eruption occurred along an arc c.14 km in length from Vent 1 in

443

the west to Vent 15 in the northeast (possibly longer if Vent 16 is trachyte; Figure 2). If correct, this

444

single trachyte eruption defines an arc that may be related either to a previous (unrecognised) ring

445

fracture (caldera fault) or it may be related to a more recent crustal weakness that could be

446

activated during a future caldera-forming eruption. There are no robust arguments against this

447

scenario, as we have already recognised that any one vent can produce a range of trachyte

448

compositions.

449

In the most complex scenario, each identified vent represents a separate eruptive episode, which

450

would mean that 16 eruptions have occurred on the flanks of Quetrupillán. An argument against

451

this, the orientation and physical nature of Vents 1-5 indicates that they lie along a fissure, and so

452

therefore all five vents would have been active during the same eruptive episode. The same can be

453

said of Vents 7-9.

454

We currently favour an intermediate scenario, whereby the 16 vents represent c.10 different

455

eruptive episodes, as presented in Table 3. Vents 1-5 and Vents 7-9 represent fissure eruptions, with

456

several vents active during a single eruptive episode, as discussed in section 4.3.3. The remaining

457

vents are likely to represent individual eruptions.

458
459

5.2 Why is the scoured zone so prominent at Quetrupillán?

460

The scoured zone surrounding the Quetrupillán summit (2,380 m) is unusual, and scrutiny of aerial

461

images suggests that there is no equivalent scoured zone at Villarrica (2,847 m) despite this volcano

462

having a much greater ice mass currently occupying its summit and upper flanks, which would have

463

been larger during the LIA. Lanín currently has only a small summit ice cap, but has a much higher

464

elevation (3,747 m) and during the LIA it is likely to have rapidly acquired a substantial summit ice

465

mass. However, aerial imagery of Lanín indicates that there are numerous well-preserved lavas (i.e.

466

with rubbly/scoriaceous carapaces) that can be traced from the margins of the summit ice cap at

467

c.3,400 m elevation for c.5-6 km down to elevations of c.1,600 m, so Lanín also lacks a substantial

468

scoured zone equivalent to that of Quetrupillán.

469

Given the temperature (and hence ice-mass) fluctuations during the Little Ice Age, the ice-capped

470

volcanoes in the Villarrica-Lanín chain will have experienced similar and multiple episodes of ice

471

accumulation in summit regions followed by ice advance to lower elevations. We have argued that

472

the evidence from terminal moraines at Quetrupillán indicates that the final ice advance, which

473

probably occurred in the 19th century, was the largest. But this this did not happen at either

474

Villarrica or Lanín, even though their higher elevations would have led to accumulation of larger

475

masses of ice that had the potential to form extensive scoured zones on their stratocone flanks.

476

Notably, Quetrupillán lies only c.21 km downwind (ESE) from Villarrica, one of Chile’s most active

477

volcanoes (Lara, 2004; Petit-Breuilh, 2004). Quetrupillán’s downwind location relative to Villarrica

478

means that Quetrupillán will receive frequent dustings of basaltic andesite tephra (mostly ash-sized)

479

from explosive eruptions at Villarrica. One author (McGarvie) experienced this during fieldwork on

480

Quetrupillán in March 2015 (Figure 23).

481

Accumulation of tephra on a glacier will alter the glacier melting (ablation) rate, depending on the

482

thickness of the deposit (Kirkbride & Dugmore, 2003). A thin tephra cover (less than a few

483

centimetres thick) will increase absorption of short wave radiation and so will increase melting,

484

while thicker tephra deposits will insulate the ice and so decrease ablation (Kirkbride & Dugmore,

485

2003; Möller et al., 2016). Given that it is c.21 km from the summit of Villarrica to the summit of

486

Quetrupillán, the thickness of tephra blankets on Quetrupillán will almost always be below the

487

threshold for insulating the ice, and thus the deposition of each tephra blanket will result in

488

increased surface ice melting. For example, following the March 2015 eruption of Villarrica, tephra

489

cover at Quetrupillán was observed to consist of a thin and incomplete blanket of ash that had no

490

measurable thickness (McGarvie, personal observations; Figure 23).

491

Enhanced melting of the glacier surface will produce meltwater. Either this will follow supraglacial

492

pathways across the ice surface and down to the ice margin, or (more likely) it will exploit fractures

493

and pathways in the ice. Once in the glacier, it will either flow interglacially (i.e. wholly within the

494

ice) or more likely it will find pathways to the ice-edifice interface and utilise the existing network of

495

subglacial meltwater channels (Nye and Röthlisberger channels) that are characteristic of temperate

496

(warm-based) glaciers. Water that reaches the glacier base will act as a lubricant and will promote

497

movement of ice downwards, under the influence of gravity. This ice will be erosive, and it will

498

therefore scour the underlying lavas.

499

Consequently, our interpretation of the prominent scoured zone at Quetrupillán is that it is a

500

product of the frequent explosive eruptions of Villarrica that have regularly covered the icefield on

501

Quetrupillán’s stratocone in thin tephra blankets. These tephra blankets have promoted melting of

502

surface ice that has in turn promoted basal sliding of the ice, resulting in scouring of the underlying

503

lavas. The high frequency of explosive eruptions from Villarrica means that this process has been

504

repeated multiple times, and provides an explanation for the prominence of the scoured zone at

505

Quetrupillán, and the absence of an equivalent scoured zone at both of the neighbouring volcanoes

506

of Villarrica and Lanín. Tephra fall on Villarrica is likely to be relatively thick, resulting in insulation of

507

its icefield. More importantly, the tephra cover will only be on the downwind (eastern) flank (Figure

508

23), rather than covering the whole icefield. Tephra cover on Lanín, ~45 km from Villarrica, is likely

509

to be negligible.

510
511

5.3 Hazard implications

512

This study provides additional information on the potential hazards from effusive and explosive

513

eruptions that complements the existing “Mapa Preliminar De Peligros Del Volcán Quetrupillán”

514

(Preliminary Hazard Map of Quetrupillán Volcano) published by SERNAGEOMIN (2013). Our study

515

contributes no new information on lahar hazards.

516
517

5.3.1 Effusive eruptions – Lavas

518

Holocene lavas (largely trachytes) from the stratocone, its upper flanks, and the southern volcanic

519

field (collectively called the stratocone zone) have exploited valleys on the flanks and have travelled

520

a maximum of c.15 km from their source vents. The persistent high ground to the east of the

521

stratocone (likely a fault scarp) acts as a major topographic barrier. It forces lavas to be channelled

522

either to the north (i.e. along the Huililco Valley) towards Catripulli, a lava pathway of c.17 km from

523

the stratocone summit, or to the south where it is a c.40 km lava pathway from the stratocone

524

summit to Liquiñe. To the west there is a potential lava pathway of c.22 km from the stratocone

525

summit towards Coñaripe, but there are no known Holocene lavas that have travelled for more than

526

a few km in this direction.

527

From the above it can be concluded that provided future eruptions occur in the vicinity of known

528

Holocene vents at the stratocone and on the lower flanks of the stratocone, there is little possibility

529

of lavas causing damage to any of the larger settlements. Furthermore, given the distances involved

530

and the expected relatively low velocities of trachytic lavas, and assuming good communication,

531

there should be ample time for evacuation of any remote properties located in the higher valleys

532

surrounding Quetrupillán.

533
534

5.3.2 Explosive eruptions

535

During this study, three pyroclastic sequences were logged and sampled to evaluate explosive

536

eruptive activity from Quetrupillán (Figure 22). One section was to the northwest, in the Palguin

537

Valley, and two sections were to the east, in the Trancura Valley. It was anticipated that, because the

538

prevailing wind direction is towards the east, the Trancura section would provide the most

539

comprehensive record of explosive volcanism from Quetrupillán, as the dispersal axis of a sustained

540

eruption plume would sediment pyroclasts into the Trancura Valley. The north-western section, in

541

the Palguin Valley, was chosen as it was likely to contain tephra only from the largest of

542

Quetrupillán’s explosive eruptions, as it is orthogonal to the expected west-to-east dispersal axis of

543

Quetrupillán eruptive plumes (SERNAGEOMIN, 2013).

544

Trace element analyses of tephra layers in the Palguin Valley indicate that none of the sampled

545

tephra layers have come from Quetrupillán (Figure 10). Instead, one dacite layer at the base comes

546

from the MC4 (Neltume) eruption of Mocho-Choshuenco (Rawson et al., 2016), and the rest are

547

basaltic andesite tephras from Villarrica. This abundance of Villarrica tephra layers is not unexpected

548

given that Palguin is due east from Villarrica and is therefore directly downwind and along the

549

dispersal axis of eruption plumes from Villarrica. However, the absence of any Quetrupillán tephra

550

layer is notable, and suggests that Quetrupillán has not produced any very large explosive eruption

551

columns in the Holocene.

552

In the Trancura valley (section T1, Figure 22), the XRF results identify three tephra layers that can be

553

associated with confidence to explosive eruptions from Quetrupillán (Figure 10). Two of these are

554

trachytes and one is a trachyandesite (Figure 9A). This Trancura Valley section is notable as it covers

555

the entire Holocene, given that the lowermost tephra sits directly on the plutonic basement.

556

Observations suggest that all three Quetrupillán tephra layers are airfall deposits. We saw no

557

evidence of sedimentary structures reflecting the lateral transport that is characteristic of pyroclastic

558

density current (PDC) deposits in these three Quetrupillán layers, nor did any of these three layers

559

show the very poor sorting that characterises PDCs. However, it is notable that Fontijn et al. (2014)

560

and Rawson et al. (2015), who carried out detailed logging and sampling of tephra layers from

561

numerous sites in this part of Chile, both comment on the variability in preservation of tephra even

562

over short distances (i.e. 10s of metres). So whilst we found no evidence of lateral clast transport

563

that indicates PDC deposition at our two sites, this may exist elsewhere.

564

According to the information that is provided by SERNAGEOMIN (2019), which appears to be based

565

on the undergraduate dissertation study by Toloza (2015), nine explosive eruptions from

566

Quetrupillán are preserved in the Trancura Valley. Our findings disagree with this, and suggest that

567

only three explosive eruptions are preserved.

568

It should be noted that Toloza (2015) does not provide any geochemical evidence to support their

569

claim that there are nine Holocene explosive eruptions from Quetrupillán preserved in the Trancura

570

Valley. Their underlying assumption is that the vast majority of tephra layers in the Trancura Valley

571

must have come from Quetrupillán (though one tephra layer has been identified as being from

572

Villarrica). While many of the tephra layers exposed in the Trancura Valley may look similar, it is only

573

by geochemically analysing each unit (especially for trace elements) that each tephra layer’s

574

provenance can unequivocally be established.

575

As our geochemical analysis (Figure 10) indicates that only three units in the Trancura Valley can

576

unequivocally be assigned to Quetrupillán, we suggest that there have only been three explosive

577

eruptions from Quetrupillán during the Holocene whose products have reached the Trancura Valley,

578

rather than nine. Consequently, the hazard from explosive eruptions at Quetrupillán affecting areas

579

to the east of Quetrupillán (e.g. the Trancura valley) is a factor of three less than currently stated by

580

SERNAGEOMIN.

581

Toloza (2015) and the official hazard map (SERNAGEOMIN, 2013) also suggest that there is a

582

substantial PDC hazard from Quetrupillán in the Trancura Valley. However, we found no clear

583

evidence of lateral transport in the sections we examined though, given the caveats mentioned by

584

Fontijn et al. (2014) and Rawson et al. (2015), it is possible that such evidence may be found in other

585

locations given that PDC deposits are normally less widespread than airfall deposits.

586

However, it is important to note that there is a major topographic barrier to the east of Quetrupillán

587

that would hinder, if not block, the passage of PDCs moving eastwards from Quetrupillán and into

588

the Trancura Valley. This barrier consists of a near-vertical fault scarp with a height of 200-380 m,

589

which forms the eastern edge of the Huililco Valley, and to east of this scarp there is high ground

590

occupied by the eroded remnants of the Colmillo del Diablo volcano. Whilst we do not rule out the

591

possibility of highly-energetic future PDCs surmounting this barrier and reaching the Trancura Valley,

592

in our two sections we did not find convincing evidence that such PDCs had achieved this so far

593

during the Holocene. However, should PDCs be channelled northwards by this topographic barrier

594

into the Huililco Valley, then they may reach the isolated settlements located there.

595

In summary, our work suggests that the hazard from explosive eruptions at Quetrupillán is

596

considerably less than the current SERNAGEOMIN hazard map suggests, given that our geochemical

597

provenance studies suggest that products from three rather than nine explosive eruptions from

598

Quetrupillán have reached the Trancura Valley. Our study also found no unequivocal evidence for

599

lateral transport within the three Quetrupillán tephra layers that we examined in the two sites in the

600

Trancura Valley, implying either that the topographic barrier between Quetrupillán and the Trancura

601

Valley has provided effective protection to the Trancura Valley from past PDCs, or that no

602

substantial PDCs have been produced by Quetrupillán eruptions during the Holocene. However, we

603

would wish to emphasise that as PDCs can be channelled, our two sections may have occurred away

604

from PDC pathways, and therefore a future target for hazard evaluation would be a careful study of

605

Quetrupillán tephra layers along the entire length of the Trancura Valley to establish the past

606

pathways of PDCs (if they exist), which will enable future hazard planning to be improved.

607
608
609
610

611

6. Conclusions

612

This paper provides the first detailed account of Holocene volcanism at Quetrupillán.

613

Eruptions have occurred from both the summit of the stratocone and from the satellite vents on the

614

flanks of the stratocone. The number and type of eruptions from the summit of the stratocone is

615

unknown due to removal of lavas and stratigraphic relationships by ice scouring during Holocene

616

(LIA) glacial advances. However, glaciovolcanic buttresses on the flanks of the stratocone that are

617

partly buried by scoured stratocone lavas indicate that some construction has taken place. We

618

suggest that effusive activity at the stratocone has been higher during the Holocene than its scoured

619

appearance suggests.

620

The scoured zone at Quetrupillán is considered a feature developed during the LIA, with the final

621

cooling period in the last 19th century triggering the most extensive glacial advance at Quetrupillán

622

and being responsible for the terminal moraines that part-encircle the scoured zone. The extensive

623

scoured zone at Quetrupillán contrasts strongly with the more limited Holocene glacial erosion that

624

is observed at the neighbouring volcanoes of Villarrica and Lanín. We suggest that this may be due to

625

the frequent blankets of ash from Villarrica (upwind of Quetrupillán) which have increased melting

626

of ice at Quetrupillán and in doing so have promoted basal sliding of the ice and hence scouring of

627

the underlying lavas.

628

We identified 16 satellite vents on the flanks, which we consider to represent 10 Holocene eruptive

629

episodes. Some eruptions have occurred on fissures, which suggests that fault splays related to the

630

LOFZ continue to influence the locations of eruptions at Quetrupillán. Satellite vents have produced

631

tuff rings, scoria cones and phreatic craters, and extensive lava fields.

632

The volumetrically dominant erupted composition at the satellite vents is trachyte (7 eruptions),

633

followed by trachyandesite (2 eruptions) and basaltic andesite (1 eruption). Limited sampling of

634

lavas from the stratocone indicate that all three compositions have erupted from the summit crater.

635

Thus, unlike some other Chilean volcanic complexes, there is no relationship between eruption

636

location and magma composition at Quetrupillán.

637

Geochemical evidence from tephra layers in the nearby Trancura Valley (downwind of Quetrupillán)

638

indicates that only three sizeable explosive eruptions (two of trachyte and one of trachyandesite)

639

have occurred at Quetrupillán during the Holocene. This is much less than the nine Quetrupillán

640

eruptions claimed by previous workers, but this earlier study lacked the necessary confirmatory

641

evidence of geochemistry, which we have found is crucial in identifying the source volcano.

642

Examination of the three Quetrupillán tephra layers in two road cuttings in the Trancura Valley did

643

not reveal any unequivocal evidence of the lateral transport structures that are characteristic of

644

PDCs. This is a different conclusion to that reached by previous workers, who claim that all tephra

645

layers from Quetrupillán contain evidence of PDC activity. We consider it important to note that

646

there is a substantial topographic barrier that would either hinder or block passage of PDCs from

647

Quetrupillán to the Trancura Valley.

648

Our work suggests that the explosive hazard from future eruptions of Quetrupillán is less than that

649

shown on the current hazard map, as geochemistry shows that only three (and not nine) tephra

650

layers produced by Quetrupillán are known to occur. We would suggest that a detailed study of

651

multiple road cuttings is undertaken to resolve the issue of PDC activity.

652

In summary, our work suggests that the frequency of sizeable explosive eruptions from Quetrupillán

653

is less than previous workers have estimated (i.e. 3 per c.12 ka, rather than 9 per 12 ka), which

654

dramatically reduces the explosive hazard from Quetrupillán eruptions.

655
656
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Figure 1: Regional map of the area surrounding Quetrupillán showing the trace of the LiquiñeOfqui Fault Zone faults (solid lines), as mapped by Hernandez-Moreno et al. (2014). Volcanoes
(triangles; Quetrupillán highlighted in red) and settlements (circles; notable towns or those
mentioned in this paper) are indicated. Base map created from a DEM downloaded from
earthexplorer.usgs.gov
(accessed 21/10/2016). Dashed 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.

Figure 2: Map of the Holocene geology of Quetrupillán from the satellite flank vents. Satellite vents
are labelled with the numbers that they are referred to in the text. The glacially scoured zone is
indicated by the are a of hatching. The inset shows the location of Quetrupillán in Chile.

Figure 3: A) The Villarrica-Lanín volcanic chain, looking northeast, with Villarrica (B) to the left,
Quetrupillán (C) in the middle and Lanín (D) to the right. The difference in morphology between the
conical volcanoes of Villarrica and Lanín and the truncated stratocone of Quetrupillán is clearly
visible. The distance between the summits of Villarrica and Lanín is ~45 km.

Figure 4: A) A glacially scoured Holocene lava from the upper flanks. Glacial striations are visible
above the boot, striking in a downhill direction (240°). Looking southeast; B) Diamict, composed of
non-vesicular lava boulders of varying size and fine-grained silt, covers most of the upper flanks of
Quetrupillán within the scoured zone, obscuring all underlying lava fields; C) Glacial moraine covers
the lava field of Vent 2 and the tuff ring of Vent 3. Looking southeast, the field of view is ~200 m
wide.

Figure 5: A) Distinctive curving trains of glacial deposits are visible in aerial images at the edge of the
scoured zone on the shores of Laguna Blanca, highlighted by arrows. Aerial image from Google Earth
(downloaded 07/10/19); B) Linear channels are visible in the diamict in aerial 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. Aerial image from Google Earth (downloaded
09/10/2019).

Figure 6: Geochemical diagrams of lavas from Quetrupillán. A) Total alkali silica plot (including tephra
deposits 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 –
Quetrupillán 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 7: Thin section images of lavas from satellite vents at Quetrupillán, of trachyte (A and B),
trachyandesite (C and D) and basaltic andesite (E and F) composition. Pl – plagioclase, Cpx –
clinopyroxene, Opx – orthopyroxene, Ol – olivine, Mt – magnetite, V – vesicle. Images show thin
sections under plane polarised light and under crossed polars.

Figure 8: Trace element abundances of tephra samples from the Palguin Valley (pink crosses) and
Trancura Valley (open black circles), compared with Quetrupillán (blue circles), Villarrica (red stars)
and Lanín (green triangles). Data for Quetrupillán, Villarrica and Lanín is from this work and work by
other authors. See supplementary data for full references.

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.

Figure 10: A) Aerial 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. Aerial 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.

Figure 11: A) Aerial image of the lava field from Vent 7. Five channelised lava flows are highlighted
with dotted lines. Aerial 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.

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 Volcán Mocho-Choshuenco is in the
background (looking SW); B) Lava spines aligned with the flow direction of the lava field of Vent 3; C)
A photo of Quetrupillán (centre) and Villarrica (left), taken on 5th March 2015, two days after the
eruption of Villarrica on 3rd March. A dusting of tephra covers Quetrupillán and the eastern slopes of
Villarrica. Looking northwest, from Cerro Colorado.

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 identifying tephra layers from Quetrupillán (Q), Villarrica
(V) and Mocho-Choshuenco (M-C); B) Schematic map showing the location of the logged sections in
relation to Quetrupillán.

