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Abstract

Records of volcanism and controls on volcanic processes in southern Chile

Sebastian F. L. Watt

This thesis describes volcanic records from the Andean southern volcanic zone, based on the

collection of �eld data between Calbuco and Puyuhuapi volcanic centres, with a particular focus on

the Hualaihue peninsula, combined with existing records from the region as a whole. These data,

extending the understanding of the volcanic history of southern Chile, are examined for evidence

of spatial or temporal variability, which may be used to explore underlying controls on volcanic

processes.

All three volcanoes on the Hualaihue peninsula have been active in the Holocene. A large ma�c

scoria unit from Apagado is unusually primitive, providing a potential window into primary magma

generation in the arc. Dynamically similar eruptions occurred at Hornopirén and widely along

the regional scale Liquiñe-Ofqui fault zone (LOFZ). Although the Hualaihue centres are closely

related, petrological evidence indicates a complex magmatic storage system. E�usive activity

is predominant at Yate and Hornopirén, and the tephrostratigraphy of the Hualaihue area is

dominated by units from Calbuco volcano, to the north. The 2008 eruption of Chaitén provided

an analogue for past large explosive eruptions in the region, with tephra deposition re�ecting

variable eruption intensity in a changing wind �eld.

The regional tectonic setting and the LOFZ in�uence dyke ascent, volcano morphology and, as

demonstrated at Yate, edi�ce stability, determining the orientation of collapse. Explosive eruption

records over the post-glacial period also indicate a limited response of volcanism to deglaciation,

suggesting a control on magma storage arising from changing crustal stress regimes, both at the

arc front and along the LOFZ. On short timescales, large earthquakes are shown to in�uence

eruption rate across the arc, implying a triggering role for dynamic seismic stresses. This work

demonstrates the existence of a range of external forcings a�ecting Chilean arc volcanism, but the

degree to which these are quanti�able is strongly constrained by the quality of the available data.
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Extended Abstract

Records of volcanism and controls on volcanic processes in southern Chile

Sebastian F. L. Watt

The southern section of the Andean southern volcanic zone, located in Chile from 41.5°-44° S,

has been little studied in the past. The eruptive history of several volcanoes in this region is poorly

understood. By constructing an explosive eruption stratigraphy and investigating petrological and

geochemical characteristics in the region between Calbuco and Puyuhuapi volcanoes, with a focus

on the Hualaihue area, the data presented in this thesis render more complete the record of

volcanism in this arc segment. The records produced link with results from previously studied

volcanoes both to the north and south of Hualaihue.

The southern Chilean volcanic arc presents an ideal location in which to investigate spatial and

temporal variability in volcanism. The compiled records provide an opportunity to test hypothe-

ses relating to the in�uence of external controls on volcanic processes. Crustal and subduction

parameters are relatively constant across much of the region, but a range of large-scale tectonic

structures characterise the crust beneath the arc, and particularly large thrust earthquakes occur

along the adjacent destructive plate margin. This part of Chile has also been widely a�ected by

late Cenozoic glaciations. Thus, an array of potential interactions between volcanism and external

systems may be examined in order to assess evidence for underlying controls on eruption behaviour.

The Hualaihue region comprises three related volcanoes: Apagado, Hornopirén and Yate. The

focus of Holocene activity has been in the Yate-Hornopirén area. These volcanoes lie on the

transpressional system of the Liquiñe-Ofqui fault zone (LOFZ). Holocene activity at Apagado is

limited to a single scoria cone eruption, nested within deeply eroded older volcanics. The early

stages of the Apagado eruption produced unusually primitive volatile-rich magmas, approaching

picritic compositions. There is petrological evidence for similarly primitive compositions being

parental to magmas erupted at Yate. While rock compositions at Apagado and Hornopirén are

limited to basalts and basaltic andesites, more silicic compositions occur at Yate, which forms a

large, prominent stratovolcano and was the main focus of Pleistocene volcanism on the Hualaihue

peninsula. Distinctive groups of products are recognised on the basis of petrological characteristics,

with rocks on the south �ank of Yate distinct from those on the north. Although the Hualaihue

rocks as a whole indicate a complex array of stored magma compositions, widely a�ected by
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mixing processes, the Apagado scoria unit provides an insight into magmatic compositions largely

una�ected by later modi�cation processes. Explosive eruptions of a similar style to the Apagado

unit, but erupting less primitive compositions, occurred in the Holocene at Hornopirén as well

as at several centres along the LOFZ. In these cases, they commonly formed clusters associated

with fractures parallel to the fault strike. While most of these scoria units show arc-type chemical

signatures, the rocks at Puyuhuapi are unique in a regional context, with an alkaline composition

enriched in incompatible elements.

In general, Holocene explosive activity in Hualaihue was limited, particularly at Yate, in com-

parison with volcanoes to the north and south. The tephrostratigraphy of the area is dominated by

multiple pumice units from Calbuco, to the north of Yate, and also overlaps with an early Holocene

tephra from Chaitén, to the south. These records have been compiled with those from elsewhere

in the region to examine arc-scale variability in eruption rates. Their analysis is, however, limited

by spatially variable rates of sampling across the region. Explosive eruption �uxes and eruption

parameters, quanti�ed on the basis of sparse data, are in many cases poorly constrained. The

potential reduction in precision resulting from the extrapolation of limited data is well illustrated

by the complexity of the tephra deposit from the 2008 Chaitén eruption. This large explosive

eruption (magnitude >4), although producing a regionally-unusual rhyolitic composition, provides

an analogue to older eruptions investigated in the region. Detailed mapping of the tephra unit

showed a complex ash dispersal pattern, resulting from eruption over a week-long period during

which wind directions and eruption column heights varied.

The regional stress regime, transpressional beneath the arc in Hualaihue, has in�uenced dyke

ascent, with alignment of volcanic structures corresponding to the maximum principal stress direc-

tion. Furthermore, evidence at Yate suggests that the volcano's location on the LOFZ has imposed

a structural grain, leading to edi�ce weakness and resultant collapse, through landslide generation,

in an orientation oblique to the fault zone in the Riedel shear direction. Multiple landslides at

Yate have dissected the edi�ce, in conjunction with glacial erosion, giving rise to mass �ows with

potentially devastating impacts. Such hazards may increase in frequency upon continued retreat

of summit ice caps at several of the region's volcanoes.

The arc-scale explosive eruption record, spanning the post-glacial period, and analysed only for

eruptions of magnitude ≥4 in order to reduce the e�ects of temporal sampling bias, shows a limited

amount of temporally variable structure. The total length of the record decreases southwards,
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re�ecting better preservation associated with the earlier retreat of ice in the north of the region.

Limited evidence for both unusually large eruptions and a slightly higher eruption frequency in

the early post-glacial period tracks the pattern of southward ice sheet retreat, but the small size

of the data-set limits rigorous analysis. It is clear, however, that the overall impact of deglaciation

on rates of arc volcanism is small in comparison with the large increases observed in other tectonic

settings. The post-glacial records in southern Chile also suggest that the presence of a thicker and

broader ice sheet in the south of the region may have promoted monogenetic basaltic volcanism

along the LOFZ, in response to rapidly changing crustal strain rates and decompression associated

with ice removal. Along the arc front, the available evidence of a relatively small increase in activity

does not require a model of increased melt generation to be invoked (as in di�erent settings, such

as Iceland, where a large pulse in post-glacial volcanism has been documented), and may simply

re�ect relatively impeded magma ascent during glaciation, coupled with enhanced release upon

retreat due to changes in upper crustal stress regimes resulting from removal of the vertical ice

load.

On shorter timescales, statistical outliers in arc-scale eruption rate, compiled using histori-

cal eruption records for the whole of the Andean southern volcanic zone (33°-46° S), indicate a

correlation with the occurrence of large earthquakes (MW >8) in the adjacent subduction zone.

The duration of the increase is several months, and the distance of potentially triggered volcanic

systems from earthquake rupture zones suggests that dynamic triggering e�ects, associated with

the passage of seismic waves, as well as static stress changes, result in eruption triggering on this

time scale. The precise mechanisms by which such interactions operate remain poorly understood.

Overall, the data gathered in this thesis have led to the recognition of several new explosive

eruption units in southern Chile, enabling magnitudes of activity and rates of volcanism to be

constrained at the parental volcanoes, and these records are augmented by petrological and geo-

chemical data. Exploration of structure within records of volcanic activity in this region indicates

the existence of a range of controls, modulating volcano location, construction, eruption style and

rate, and edi�ce destruction, across a broad range of temporal and spatial scales. Interactions

of this type may be used to better understand crustal magma dynamics and eruption mecha-

nisms, but precise and quantitative exploration of these linked systems relies on the existence of

comprehensive data-sets relating to past volcanic activity.
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Chapter 1

Introduction

Dynamic geological processes operating within and upon the Earth's crust control the planet's cli-

mate, topography and capacity for life. Such processes, manifested as diverse phenomena ranging

from earthquakes to glaciation, may be explored individually to understand the fundamental be-

haviour of the Earth. However, this reductionist approach does not imply complete independence

between di�erent Earth processes, and there are mutiple possible controls and feedbacks within a

complex and inter-connected Earth surface system. In this thesis I explore such ideas through the

investigation of records of arc volcanism in southern Chile, initially examining the volcanic history

of the region, on a range of timescales, before considering how spatial and temporal variability in

volcanism may re�ect interactions with external processes.

Southern Chile (Figure 1.1) represents an ideal area in which to study variation in volcano-

magmatic behaviour. The volcanoes of the region span a wide latitudinal range, along which both

subduction and crustal parameters vary systematically and are relatively well-characterised. The

same area encompasses a range of climatic zones, and the southern part of the region has been af-

fected by Pleistocene glaciations. The subduction system along the Chilean margin is characterised

by extremely large earthquakes, and large-scale tectonic structures related to plate convergence

directly underlie part of the volcanic arc. Thus, there is the potential in this region to explore

a range of controls and interactions between volcanism and other crustal processes. In addition,

several of southern Chile's volcanoes are little known and poorly studied, and valuable new infor-

mation regarding regional volcanic activity may be obtained through detailed �eld investigation

in these locations.

This thesis is divided into three sections. The �rst describes volcanism in the �eld areas

21



22 CHAPTER 1. INTRODUCTION

investigated for this work, principally in the Hualaihue region. The Hualaihue volcanoes are

introduced in Chapter 2, which includes a discussion of their petrology and geochemistry, while

Chapter 3 documents in more detail the eruption style and magmagenesis of the Holocene ma�c

explosive eruptions in Hualaihue, comparing them to similar eruptions elsewhere in the Andean

Southern Volcanic Zone (SVZ), many of which show a close spatial association to the regional-

scale Liquiñe-Ofqui fault zone (LOFZ). The second section comprises two case studies of recent

volcanic events in the region: Chapter 4 investigates landslide generation and edi�ce collapse

at Yate volcano, in Hualaihue and also situated upon the LOFZ, while Chapter 5 describes the

tephra fallout from the 2008 explosive eruption of Chaitén volcano, 120 km further south. This

large eruption provides an analogue for the events producing older tephra units, investigated

in Chapter 6. This chapter, a tephrochronological reconstruction of the post-glacial explosive

volcanism in the vicinity of Hualaihue, based on new �eld observations, introduces the third section

of this thesis, which explores temporal eruption patterns. The Hualaihue tephrochronology is

expanded in Chapter 7 to examine evidence for variability in the regional post-glacial volcanic

record relating to deglaciation. Chapter 8 analyses eruption records in the SVZ on the historical

timescale, and discusses the relationship between large earthquakes and volcanic eruptions.

The following sections of this chapter provide a background to volcanism in the SVZ, describe

the geological history and tectonics of southern Chile, including the LOFZ, and introduce the

speci�c �eld areas studied in this thesis.

1.1 Southern Andean volcanism

Resulting from plate convergence along the western edge of South America, the Andean moun-

tain chain runs the length of the continent. Coincident with the Andes are the volcanoes of the

Andean arc, which form four distinct groups [Thorpe and Francis, 1979, Thorpe, 1984] separated

by gaps in which volcanism is currently absent (Figure 1.1) due to shallowly dipping subduction

[e.g., Barazangi and Isacks, 1976, Ramos, 1999, Parada et al., 2007]. The southernmost group of

volcanoes forms the Austral volcanic zone, relating to subduction of the Antarctic plate beneath

southernmost Chile [e.g., Stern, 2008]. North of here, subduction of the Nazca plate, along the

remainder of the South American margin, gives rise to the northern, central and southern volcanic

zones [e.g., Stern, 2004]. The northern part of Chile contains volcanoes of the central volcanic

zone, which extends into neighbouring Peru, Bolivia and Argentina. South of a 680 km volcanic
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gap the SVZ begins, at the approximate latitude of Santiago (33.4° S).

1.1.1 The southern volcanic zone (SVZ)

The Andean southern volcanic zone (SVZ; Figure 1.1) is the focus of this thesis. It is the largest

of the South American volcanic groups, with approximately as many historically recorded erup-

tions as all the other segments combined. Over sixty volcanoes in the SVZ are considered to

have erupted in the Holocene [Siebert and Simkin, 2002-]. González-Ferrán [1995] identi�ed 1334

individual eruptive centres, including numerous monogenetic cones and maars. The SVZ extends

from Tupungatito (33.4° S) in the north to Hudson (45.9° S) in the south, forming a continuous

arc segment over 1400 km in length [Stern et al., 2007]. Its northern margin coincides with an

abrupt shallowing of the seismic zone [Bevis and Isacks, 1984], corresponding approximately with

the locus of the subducting Juan Fernández ridge [Stern, 2004], and de�ning the southern edge of

the Pampean �at-slab segment [Barazangi and Isacks, 1976, Cahill and Isacks, 1992]. To the south,

the SVZ ends with the subduction of the spreading Chile Rise, de�ning the Nazca-Antarctic-South

America triple junction (Figure 1.1). The active volcanic front of the SVZ lies at the eastern edge

of the Andean mountain chain, which spans the Chilean border with Argentina. As such, the

majority of the SVZ volcanoes, and all those with historically recorded eruptions, lie wholly or

partly in Chile.

Over 70% of the population of Chile live at latitudes spanning the SVZ, and the Central

Valley region south of Santiago is one of the most heavily populated South American regions lying

within <100 km of active volcanic centres [Stern, 2004]. Villarrica and Llaima, the most active

SVZ volcanoes, have each had over 50 reported historical eruptions. Centres in the northern

and central parts of the SVZ are relatively better known than those to the south, due to greater

accessibility, a longer historical record of activity, and a larger local human population. No speci�c

pre-Columbian eruption records exist, and in the southern half of the SVZ there are few records

before the start of the 19th century. However, the two largest eruptions of recent decades have

occurred in this region: Hudson in 1991 and Chaitén in 2008 (Chapter 5). In spite of the large

number of potentially active centres, few SVZ volcanoes are monitored. Field evidence exists from

several centres of Holocene eruptions much larger than those recorded in historical times [e.g.,

Naranjo and Stern, 1998, Clavero and Moreno, 2004].
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Figure 1.1: Maps of South America and the Andean southern volcanic zone. Volcanically active
regions of South America are shaded in grey on the continental map, and de�ne four discrete
regions. The three northern regions result from subduction of the Nazca plate beneath South
America, while the southermost zone results from Antarctic plate subduction. The main map
shows volcanic centres of the SVZ, running from Tupungatito to Hudson, that are considered to
have been active in the Holocene, while those shown in red have historically recorded eruptions.
Selected volcanoes are named. Major features of the downgoing oceanic plate, including the active
spreading boundary and inactive fracture zones (short dashed lines) are also marked [DeMets et al.,
1994, Naranjo and Stern, 2004, Stern, 2004, Siebert and Simkin, 2002-].
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1.1.2 Structure of the SVZ

The centres of the present volcanic arc comprise numerous Pleistocene-Holocene stratovolcanoes

as well as several Holocene monogenetic centres. Additionally, the remains of older Cenozoic

volcanoes occur along the line of the arc. South of 38° S the SVZ is characterised by the presence

of the LOFZ (see Section 1.2.3), along which, in its broad sense, the volcanic front is situated.

Here, the magmatic front has been stable since the mid-Miocene [Lara and Folguera, 2006]. North

of here Cenozoic activity has been more variable, with repeated episodes of elevated magmatic

production and eastward relocation of arc segments related to periods of crustal thickening and

subduction erosion, resulting in a substantial loss of crustal width over time [Kay et al., 2005].

Further subdivision of the arc (see Figure 1.1) may be made based on upper crustal structures

and the distribution and chemistry of Pleistocene-Holocene volcanism [Stern, 2004, Stern et al.,

2007]. In this formulation, the northern half of the arc is divided into the northern SVZ (33°-34.5° S)

and the transitional SVZ (34.5°-37° S). The northern SVZ comprises just the three northernmost

volcanic complexes of the SVZ, lying on the continental divide. The transitional SVZ represents

a broader belt of stratovolcanoes and monogenetic cones on uplifted basement blocks separated

by intra-arc basins, the southern boundary of which may relate to the locus of the subducting

Mocha fracture zone (Figure 1.1), which separates older oceanic crust to the north from younger

crust subducting to the south [López-Escobar et al., 1995a, Stern, 2004]. The central SVZ is

broad in its northern parts, narrowing south of 39° S, at the locus of the subducting Valdivia

fracture zone [Herron, 1981], which is roughly coincident with the historically most active portion

of the arc. In the central SVZ the volcanic front lies west of the continental divide, in Chile,

and intra-arc extensional basins are absent [Stern, 2004]. The volcanoes of the southern SVZ all

lie in Chilean northern Patagonia, overlying deeply eroded basement rocks and the Patagonian

batholith, forming a narrow arc of stratovolcanoes with occasional monogenetic centres.

1.2 Geology and tectonics of the southern Andes

The pre-Andean basement at the latitudes of the SVZ (33°-46° S) records a complex history

of multiple collisional episodes characterised by both extensional and contractional periods and

associated with a variable rate of plate convergence. Accretion of metamorphic complexes at the

continental edge began in the Cambrian [530 Ma; Rapela et al., 1998], in progressively younger
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collisional stages, although such processes are best recorded in rocks of late Devonian and younger

ages, accreted onto the south-western margin of Gondwana and accompanied by arc development

and magmatism [cf. Charrier et al., 2007].

The proto-Paci�c Gondwanan margin comprised Palaeoproterozoic cratonic basement in central

Chile, with Neoproterozoic orogenic belts at the western margin, and the Neoproterozoic massifs of

Patagonia to the south, extending as far as the Antarctic Peninsula. These Patagonian terranes are

considered to have been approximately in their present relative position and autochthonous to the

margin of Gondwana throughout the Palaeozoic [Pankhurst et al., 2003]. Metamorphic complexes

originating in these episodes crop out today west of the Andes in central Chile, accompanied by

the coastal batholith, forming the Chilean Coastal Cordillera. These mountains are separated

from the main Andean range by the Central Depression, de�ning three morphological units across

Chile at these latitudes [Charrier et al., 2007]. Further south, the batholith rocks constitute a

major component of the Andean cordillera. These rocks, known as the Patagonian batholith,

were formed in numerous plutonic episodes from Jurassic to Miocene times [Munizaga et al.,

1988, Pankhurst et al., 1999, Parada et al., 2000], associated in its early parts with metamorphic

complexes cropping out both to the east and west [Hervé et al., 2007]. Through the Permian

and Triassic, subduction slowed and then ceased, in association with the assembly of Gondwana.

This period was accompanied by the development of widespread, predominantly silicic magmatism

in Argentina and northern Chile, and extensional basin development across Chile and Argentina

[e.g., Suárez and Bell, 1992, Charrier et al., 2007], possibly associated with suture zones of the

previously accreted Palaeozoic terranes [Ramos, 1994].

1.2.1 Onset of the Andean orogeny

Construction of the Andes began in the early Jurassic (190 Ma) in association with Gondwanan

break-up and opening of the Atlantic ocean [Stern, 2004, Charrier et al., 2007], accompanied by

renewed subduction and arc magmatism. Evolution north of 39° S comprised several stages, be-

ginning with arc and back-arc basin development (e.g., the Mendoza-Neuquén basin, Argentina) in

extensional conditions, accompanied by plutonism to the west. During the late Cretaceous changes

in convergence conditions resulted in contractional deformation and intense uplift, with an east-

ward shift of the arc and the development of foreland basins. This was accompanied by the onset of

major trench-parallel shear zones resulting from oblique subduction of the Farallon plate [Charrier
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et al., 2007], including formation of the Liquiñe-Ofqui fault zone (LOFZ; see Section 1.2.3), which

extends far to the south. This period is associated with development of the Coastal Cordillera,

Central Depression and Andean Cordillera, accompanied by continued plutonic activity along the

Coastal Cordillera through to the early Cenozoic [Parada et al., 2007]. The region south of 42°

latitude, forming the Chilean part of northern Patagonia, may be considered separately. Here,

initial continental break-up resulted in Jurassic back-arc extension accompanied by major silicic

volcanism and plutonism a�ecting the entire Patagonian region [e.g., Pankhurst et al., 1998, 2000],

and followed by thermal subsidence into the Cretaceous. Continued arc plutonism generated the

Patagonian batholith along the main Andean axis and predominantly east of the LOFZ [Charrier

et al., 2007, Parada et al., 2007]. This was followed by inversion, foreland basin (distinct from the

Neuquén system to the north) and thrust-fold belt development from the late Cretaceous onwards.

1.2.2 Cenozoic Andean development

Most of the Andean uplift at the latitudes of the SVZ has occurred since the late Cretaceous

[Ramos, 1999], while the present con�guration of the Andes is a result of the �nal stages of collision

and uplift from the late Neogene to the present [Charrier et al., 2007], with many features acquired

during the Miocene [Stern, 2004]. For much of the Cenozoic, subduction conditions and crustal

stress partitioning were similar to the present situation, with relatively shallow slab dip, oblique

subduction, and a high degree of interplate coupling. Magmatic activity �uctuated through this

period due to changes in the dip of the subducting slab and the convergence angle [e.g., Dewey

and Lamb, 1992, Ramos, 1999, Jordan et al., 2001, Kay et al., 2005, Charrier et al., 2007]. The

volcanic arc reached its approximate present position during the early Cenozoic.

While uplift and deformation were high during the mid-Eocene, this subsequently decreased in a

period of oblique convergence and associated motion on the LOFZ, which bounded basins forming

to the west, resulting in inhibited magmatism [Charrier et al., 2007]. A signi�cant departure

from the predominant situation occurred in the late-Oligocene (26-28 Ma) due to the onset of

near orthogonal convergence until 12 Ma, associated with the breakup of the Farallon plate into

the Nazca and Cocos plates [Pilger, 1984, Pardo-Casas and Molnar, 1987, Somoza, 1998]. This

period saw the onset of subduction of the Juan Fernández ridge, related to slab shallowing and

subsequent formation of the current �at-slab con�guration and the volcanic gap north of the SVZ,

from around 11 Ma [Barazangi and Isacks, 1976, Pilger, 1984, Yáñez et al., 2001, 2002]. The
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increased convergence rate widened the magmatic arc both westwards [e.g., Parada et al., 2007]

and east into Argentina [Stern, 2004], with extension and basin development occurring regionally

into the early-Miocene [Jordan et al., 2001], altering fore-arc deformation patterns [Hervé et al.,

1995], before developing into tectonic shortening. Accelerated rates of uplift occurred during this

period, when the locus of maximum uplift migrated eastwards to the present topographic divide

[Thomson et al., 2001, Charrier et al., 2007]. The onset of Andean glaciations has been linked to a

shift from erosion to accretion at the margin [Melnick and Echtler, 2006], thought to have occurred

episodically in the later Cenozoic [Bangs and Cande, 1997]. The same period was associated with

renewed plutonism, which in the north decreased in intensity in association with a shallowing slab

dip, ending at 5 Ma [Kay and Mpodozis, 2002, Parada et al., 2007].

The magmatic arc narrowed by the mid-Miocene [Stern, 2004, Lara and Folguera, 2006]. Short-

ening and uplift have continued to present [e.g., Khazaradze and Klotz, 2003], although subduction

returned to a more oblique situation after the mid-Miocene, and convergence rate has gradually

slowed since this time [Norabuena et al., 1999]. The variable e�ects of collisional history from north

to south across the region has resulted in a southward diminishing gradient in crustal thickness

and shortening along the SVZ, and a corresponding lowering of the mean Andean elevation [e.g.,

Ramos, 1999]. Plutonism continued through the later Cenozoic along the main cordillera in the

south of the region, through continued episodic growth of the North Patagonian batholith in the

early Miocene and again in the late Miocene to Pliocene, primarily along and west of the LOFZ

[Munizaga et al., 1988, Pankhurst et al., 1999, Parada et al., 2007]. Subduction of the Chile Rise

spreading centre beneath southernmost South America occurred at 14 Ma, forming a plate triple

junction, the position of which has migrated northward to its present position [Charrier et al.,

2007]. This was associated with a further phase of rapid exhumation of the North Patagonian

batholith along the LOFZ in the late Miocene to Pliocene [Adriasola et al., 2006]. Subduction of

this ridge and the Juan Fernández ridge, to the north of the SVZ, has exerted strong controls on

the pattern of Neogene magmatism at each end of the SVZ [Stern and Skewes, 1995, Parada et al.,

2007]. Between the Pliocene and Pleistocene a westward narrowing of the volcanic arc occurred,

possibly due to the ongoing reduction in subduction velocity [Lara et al., 2001], but potentially

also related to the onset of renewed dextral transpression along marginal scale fault systems (the

LOFZ) at the volcanic front from the late Miocene onwards [Lara and Folguera, 2006].
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1.2.3 The Liquiñe-Ofqui fault zone (LOFZ)

The Nazca plate subducts at an angle 22-30° N of the orthogonal [Cembrano et al., 1996, Lavenu

and Cembrano, 1999]. This convergence is absorbed along the Andean margin in a variety of

ways, allowing distinct neotectonic zones to be recognised [Dewey and Lamb, 1992, Somoza, 1998,

Kendrick et al., 2003, Ia�aldano and Bunge, 2008]. The southernmost of these zones [cf. Dewey

and Lamb, 1992] is associated with the Liquiñe-Ofqui fault zone (LOFZ), and is coincident with

the central and southern SVZ. Here, the slip vector is partitioned into approximately orthogonal

Wadati-Benio� zone slip and distributed dextral deformation in the over-riding slab. This margin-

scale dextral transpressional deformation is accommodated along an array of curved and north-

trending lineaments occurring in the western part of the main Andean cordillera, collectively

forming the LOFZ [Cembrano and Hervé, 1993, López-Escobar et al., 1995a, Cembrano et al., 1996,

2000, 2002, Lavenu and Cembrano, 1999], with a total length of over 1000 km (Figure 1.2). The

subduction related strain taken up along this system explains the comparatively low deformation

in the orogen to the east when compared to the Andes north of the LOFZ [Hervé, 1994].

The main arm of the LOFZ, forming its eastern edge, is topographically clear as a series of

arc-parallel fjords and valleys. The LOFZ has a general NNE orientation, but comprises straight

segments, splayed structures, and en-echelon features, particularly at its southern end, where

lineaments bend to the SW, forming a duplex structure [Cembrano and Hervé, 1993, Arancibia

et al., 1999]. At its southern termination the LOFZ joins a pull apart basin south of the Taitao

peninsula and the plate boundary triple junction [Forsythe and Nelson, 1985]. To the north of the

LOFZ a region of complex fault dynamics and rotational shear occurs in the transition to a zone

without slip partitioning [cf. Dewey and Lamb, 1992, Cembrano et al., 1992, 2000, Folguera et al.,

2004].

Structural analyses of the LOFZ in the northern SSVZ indicate ductile deformation in the late

Miocene to Pliocene, with fault slip analyses throughout the SSVZ showing that the Pliocene was

characterised by a general E-W compressive tectonic regime, with a dextral strike-slip component in

places [Lavenu and Cembrano, 1999, Cembrano et al., 2000, 2007]. This situation developed in the

later Pliocene to brittle deformation and a general NE-SW compressive regime, which has continued

to the present. For example, data consistent with Pleistocene intra-arc dextral transpression and

dextral displacement along the LOFZ has been recognised in the Hualaihue region [e.g., Lavenu

and Cembrano, 1999, Rosenau et al., 2006]. Ridge subduction of the Chile Rise at the triple
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Figure 1.2: The Liquiñe-Ofqui fault zone. The map shows the various lineaments associated with
the LOFZ in bold black lines [Cembrano et al., 1996]. Focal mechanisms and moment magnitudes
(MW) of historical earthquakes associated with the fault zone are also shown [Chinn and Isacks,
1983, Barrientos and Acevedo, 1992, Global CMT Project, 2010-].
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junction may have enhanced the dextral strike-slip regime along the LOFZ, particularly in its

southern half and since the Pliocene [Nelson et al., 1994, Cembrano et al., 2000, 2002]. Clockwise

rotation associated with dextral shear has taken place within the LOFZ [Cembrano et al., 1992,

Rosenau et al., 2006], while a small amount of rigid-block anticlockwise rotation has occurred in

the fore-arc [Garcia et al., 1988, Dewey and Lamb, 1992, Rojas et al., 1994, Cembrano et al.,

2007]. The overall situation, arising from slip partitioning in the forearc, has generated the Chiloé

fore-arc continental sliver (or slivers) [Fitch, 1972, Nelson et al., 1994, Rojas et al., 1994, Forsythe

and Diemer, 2006] with the LOFZ forming the boundary between this and the back-arc region

of the South American plate. E-W extension occurs in the outer fore-arc, N-S contraction in the

inner fore-arc, and transpression along the volcanic arc (and LOFZ) [Cembrano et al., 2007].

Lineaments associated with the LOFZ have provided a focus for the region's Pleistocene-

Holocene volcanism [e.g., Lara et al., 2006a]. Volcanic cone elongation, apparent at Hornopirén,

and alignments of monogenetic cones [cf. Wacaster et al., 2007], such as those at Puyuhuapi,

are consistent with dextral transpression [Dewey and Lamb, 1992, López-Escobar et al., 1995a,

Cembrano et al., 2007]. Minor centres usually occur on alignments striking NNE or NE, while

stratovolcanoes commonly develop along NE alignments; less commonly NW. This may be related

to a transpressional combination of dextral strike slip and across-arc shortening [López-Escobar

et al., 1995a]. In Miocene-Pliocene times high-strain domains along the fault zone may have

controlled the ascent of young plutons of the Patagonian batholith [Munizaga et al., 1988, Hervé

et al., 1993], through which the LOFZ runs. Rapid denudation and uplift of the Patagonian

batholith has occurred along the LOFZ from the mid-Miocene, increasing from east to west across

the zone, and coupled with glacial erosion [Cembrano et al., 2002, Adriasola et al., 2006, Adriasola

and Stöckhert, 2008]. Onset of rapid uplift may be related to collision and subduction of the

Chile Rise [Thomson et al., 2001]. Prior to this, deformation may have been transtensional and

associated with pull-apart basin generation to the west in the Eocene to early Miocene [Pankhurst

et al., 1992, Hervé et al., 1995, Thomson et al., 2001].

The LOFZ is considered to be seismically active [e.g., Forsythe and Diemer, 2006, Naranjo

et al., 2009], although amounts of movement are highly uncertain, with estimates varying by up to

two orders of magnitude [cf. Rosenau et al., 2006, Adriasola and Stöckhert, 2008]. Rates of dextral

shear are thought to decrease northwards, suggesting complete partitioning of oblique subduction

south of Hualaihue and partial partitioning to the north [Rosenau et al., 2006]. The Pleistocene
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to recent regime of dextral transpression [Lavenu and Cembrano, 1999] is consistent with focal

mechanisms from the few recorded earthquakes (Figure 1.2) associated with the fault zone [e.g.,

Chinn and Isacks, 1983, Barrientos and Acevedo, 1992, Global CMT Project, 2010-], as well as

local seismicity measured along the LOFZ [Lange et al., 2008].

1.3 Study regions

This thesis describes volcanism in the Andean SVZ. The earlier sections focus on speci�c regions

where �eld samples were collected, while Chapters 7 and 8 expand on these data to explore arc-scale

eruption patterns, �rst in the central and southern SVZ, and then across the SVZ as a whole.

The main body of this work, derived from �eld investigations, is based on a few volcanoes in

the southernmost portion of the SVZ (Figure 1.3), particularly in the Hualaihue region. Here,

the volcanoes of Yate, Hornopirén and Apagado are little-studied, and the �eldwork described

in this thesis focusses predominantly on the post-glacial eruption history of these centres and of

those nearby, including Calbuco volcano. This aims to characterise volcanism in this little known

segment of the arc, which will link with previously established records to the north and south [e.g.,

López-Escobar et al., 1995b, Naranjo and Stern, 2004]. Ma�c explosive eruptions in Hualaihue

are compared to similar events along the LOFZ, particularly at Palena and Puyuhuapi. Separate

�eldwork was undertaken to investigate tephra fallout following the 2008 explosive eruption of

Chaitén volcano.

1.3.1 The southern SVZ (SSVZ)

The southern SVZ (SSVZ; Figure 1.3) runs from Yate volcano in the north to Hudson in the

south [Stern, 2004]. At the northern end of the arc-segment the Central Valley meets the sea, and

this part of Chile is characterised by a deeply dissected topography of fjords and islands, with

many of the volcanic centres lying on or near the coast of the mainland, on the western edge

of the Patagonian Andes. The SSVZ contains at least 13 stratovolcanic centres thought to have

been active in the Holocene [Siebert and Simkin, 2002-], in addition to several minor eruptive

centres associated with the LOFZ [Stern et al., 2007]. Many of these volcanoes are poorly known

and remote; access to the region is di�cult, and the wet, cool climate ensures a dense, rapidly

regenerating cover of vegetation. Several of the SSVZ stratovolcanoes have extensively eroded

glaciated summits and the potential for both lahar and landslide generation is high (Chapter 4;
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Stern et al., 2007). Given the size of many of these edi�ces and their eroded nature, it is likely

that their volcanic history stretches back into the Pleistocene. The human population in this

part of Chile is sparsely distributed, although several small towns lie within tens of kilometres

of the region's volcanoes, and the impact of tephra fallout from explosive eruptions may reach

far into Argentina (e.g., Chapter 5). The region was glaciated during the last ice-age, and good

records exist of the extent and evolution of regional ice sheets [e.g., Denton et al., 1999b]. A direct

tectonic control over volcano location is evident, since many regional volcanoes are situated along

lineaments of the LOFZ [e.g., Cembrano et al., 2007].

The volcanic rocks of the SSVZ may be grouped, compositionally, with those in the central

SVZ. Volcanics of the central SVZ form a chemical spectrum along the arc, correlating with crustal

thickness, which decreases southwards, as well as crustal age, composition [e.g., Hildreth and

Moorbath, 1988, Tormey et al., 1991a] and possibly subduction inputs [Hildreth and Moorbath,

1991, Stern, 1991]. Degrees of continental crustal assimilation are variable but generally low,

with some rocks from the volcanic front showing similarities to oceanic island arc basalts [e.g.,

Hickey et al., 1986, Stern et al., 2007]. Dominant rocks in the arc segment are tholeiitic and high-

Al basalts and basaltic andesites [e.g., López-Escobar et al., 1995a], with olivine and plagioclase

almost ubiquitous as a phenocryst phase [Stern et al., 2007]. The degree of magmatic evolution

has been related to crustal stress conditions and residence time [e.g., Tormey et al., 1991b].

1.3.2 Subduction and crustal parameters

The Andes at the latitudes of the SSVZ are topographically relatively subdued, with a mean

elevation of ∼1500 m along the continental divide. All the SSVZ volcanoes lie west of this divide,

along a line coincident with the various lineaments of the LOFZ, and all are at distances of less than

280 km east of the trench [Naranjo and Stern, 1998, Stern, 2004], with some closer than 250 km.

The most distant centres are the monogenetic cones along the easternmost, and main, lineament

of the LOFZ, such as those at Puyuhuapi. Throughout this region the volcanoes are among the

highest peaks; several have elevations of >2000 m. Crustal thickness is relatively constant along

the SSVZ, at 30-35 km [Stern, 2004, Ta²árová, 2007].

The age of the subducting slab at the trench varies from 0 Ma at the triple junction to 15 Ma

at the locus corresponding to Yate [Tassara and Yáñez, 2003]. Subduction proceeds at ∼7 cm yr-1

[DeMets et al., 1994, Somoza, 1998, Norabuena et al., 1999, Kendrick et al., 2003, Ia�aldano
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and Bunge, 2008] at 080°, or approximately 25° towards the north relative to trench-orthogonal

convergence (Figure 1.3). The slab dip of 30° is relatively constant [Barazangi and Isacks, 1976,

Lange et al., 2007], while slab depth at the volcanic front is 90-100 km [Stern, 2004, Ta²árová, 2007].

Subduction zone seismicity in this region is much less than further north in the Andes, with the

Wadati-Benio� zone only reaching a depth of 200 km [Yuan et al., 2006]. The region's high levels

of precipitation, in excess of 3 m yr-1 [e.g., Ziegler et al., 1981, Lamy et al., 2001], result in high

sediment supply to the trench, enhanced by glacial erosion [Stern, 2004]. Terrigenous sediment �ll

at the trench is high [Melnick and Echtler, 2006], with signi�cant input from the plutonic rocks of

the Patagonian batholith. The trench axis is as shallow as 4 km at 42° S [Schweller et al., 1981,

Thornburg and Kulm, 1987], and the sediment �ll thickness is 2-2.2 km along most of the arc,

decreasing rapidly near the tiple junction [Bangs and Cande, 1997].

1.3.3 Holocene eruption history

There are thirteen stratovolcanoes within the SSVZ listed by Siebert and Simkin [2002-] as having

been active in Holocene times, although very few of these have been studied in detail [cf. López-

Escobar et al., 1995a, and references therein]. The heavily eroded nature of some volcanoes, such

as Corcovado, suggest only minor amounts of post-glacial activity.

Historical eruptions have occurred at Hudson, where the largest eruption globally since that of

Pinatubo, the Philippines (April, 1991), occurred shortly after the latter event, in August 1991.

Activity is also reported from Minchinmávida (most recently in 1835), Huequi (several times

between 1890 and ∼1920), and Mentolat (in 1710) [Siebert and Simkin, 2002-]. While there is no

reason to doubt the veracity of reported activity at Huequi and Mentolat, particularly the multiple

eruptions at Huequi, neither volcano is mentioned in the summaries of historically active centres

in some accounts of the region [e.g., Stern, 2004, 2008]. Further eruption reports from Yanteles

and Corcovado, stemming from information received and summarised by Darwin [1835], should be

considered doubtful. The only other historical activity from the arc segment is the recent explosive

eruption of Chaitén, which began in May 2008 (see Chapter 5).

As well as the larger stratovolcanoes, several monogenetic cones occur in the SSVZ, mainly

associated with the LOFZ, and most notably at Palena and Puyuhuapi. Their youthful mor-

phology indicates a Holocene origin. Additionally, some stratovolcanoes, such as Melimoyu and

Minchinmávida, are associated with young parasitic cones situated away from the main edi�ce.
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The low number of historically reported SSVZ eruptions may, in part, be attributed to the

remoteness of the region, but it has also been suggested that the SSVZ is characterised by a

relatively low rate of volcanic production when compared to the central SVZ [Naranjo and Stern,

2004]. The exception to this is Hudson, which has produced at least twelve Holocene explosive

eruptions and several widespread tephra layers. This high level of activity has been related to

Hudson's proximity to the subducting Chile Rise [e.g., Haberle and Lumley, 1998, Naranjo and

Stern, 1998, 2004, Stern, 2008]. The Holocene eruption history of SSVZ volcanoes (except for

Hudson) has only been speci�cally investigated by Naranjo and Stern [2004], who mapped the

extent of regional tephra and identi�ed a record of explosive eruptions for the arc between Chaitén

and Maca. This comprised eleven tephra-producing eruptions, and Cay was the only volcano in

the sector without identi�ed activity. Beyond this work, tephra have been noted from sediment

cores in regional climatic studies [e.g., Heusser et al., 1992, 1999], without data on the composition

or source. The SSVZ centres from Yate to Huequi, as well the segment's monogenetic cones, are

particularly little known. A few studies have been undertaken on Calbuco, the stratovolcano at

the southern end of the central SVZ, north of Yate [López-Escobar et al., 1992, 1995b], but the

eruption chronology here is not well understood.

This thesis seeks to contribute to further understanding volcanism in this little studied arc

segment, and to use the new data obtained, in combination with other records of volcanism from

southern Chile, to answer broader geological questions concerning arc volcanic processes.
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Chapter 4

Edi�ce destruction on the LOFZ at

Yate1

4.1 Introduction

A major hazard posed by many volcanoes is that of edi�ce collapse, generating landslides and

associated phenomena on a range of magnitudes and timescales. Such events have been docu-

mented at several Pleistocene-Holocene Chilean volcanoes [Sepúlveda et al., 2006], the dominant

cause usually being massive slope failure unrelated to volcanic activity, rather than explosive

edi�ce destruction accompanying eruption [e.g., Siebert, 1984]. External triggers implicated in

non-volcanogenic collapses include earthquakes [Davis and Karzulovíc, 1963] and extreme rainfall

[Iverson, 2000], but such triggers are immediate causes, operating on rocks previously weakened

and destabilised through processes including mechanical weathering, deglaciation and hydrother-

mal alteration. Here, I provide recent examples of partial edi�ce collapse at Yate volcano, including

an examination of a catastrophic landslide and tsunami in 1965. The situation is of interest not

only because of the potential for similar occurrences at other Chilean volcanoes, but speci�cally

because the tectonic situation at Yate, a volcano constructed on the strike-slip Liquiñe-Ofqui fault

zone (LOFZ), appears to have exerted a control on edi�ce destruction behaviour.

1Much of the material in this chapter is published in Watt et al. [2009c], Bulletin of Volcanology.

129

This chapter is an updated version of: Watt, SFL, DM Pyle, JA Naranjo, TA Mather, 2009. Landslide and 
tsunami hazard at Yate volcano, Chile as an example of edifice destruction on strike-slip fault zones. Bulletin 
of Volcanology 71(5), 559-574, doi: 10.1007/s00445-008-0242-x, which was published by Springer, and which 
is available at http://www.springerlink.com/content/j71x0h575770g280/.
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Figure 4.1: Location and topography of Yate volcano. Main panel : Yate and the surrounding area,
showing the approximate line of the Liquiñe-Ofqui fault zone (LOFZ), on which the volcanoes Yate
and Hornopirén lie. The extent of damage and deposition caused by debris �ows from the NNE
and SSW summit areas is shown shaded grey for A 1870 and 1896 [Hauser, 1985] and B 1965
and 2001. Upper right : Shaded relief map of the area in the main panel, from sea level (white) to
> 2000 m (black) at 500 m intervals. Lower right : Regional map showing the central portion of
the Andean southern volcanic zone, marking the LOFZ and volcano locations.
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4.1.1 Yate volcano

Yate is a compound volcano situated at 41.8° S in the Andean Southern Volcanic Zone (SVZ). It

is one of three Holocene volcanoes situated on the Hualaihué peninsula, and while it is probably

intermediate in age in terms of the full history of the three centres it comprises by far the largest

volcanic edi�ce, rising to over 2000 m (Figure 4.1). The edi�ce is cruciform in structure, with a

main ridge.trending at 155°, here referred to as the Yate complex, consisting of bedded Pleistocene

lavas and pyroclastics rocks overlying a Plio-Pleistocene volcanic basement. Aligned volcanic

ridges cross-cut this, at approximately 060° (parallel to the late-Pliocene to present direction of

maximum horizontal stress [cf. Lavenu and Cembrano, 1999]), referred to as the Cordillera Pululil

and Candelaria ridges. The total basal diameter approaches 20 km. The structure is glacially

eroded, but has grown through Holocene e�usive activity for which evidence exists on the �anks.

Although there are no records of historical volcanic activity at Yate, tephrochronological evidence

for minor post-glacial explosive eruptions is summarised in Chapter 6. The edi�ce lies on the

regional dextral strike-slip Liquiñe-Ofqui fault zone (LOFZ), which extends for over 1000 km

along the volcanic arc of southern Chile [Cembrano et al., 1996] (Figure 4.1). The fault zone is

manifested topographically as a heavily eroded series of glacial valleys and fjords, with several

branching curved limbs, particularly in its southern half. Along this line several of the region's

volcanoes, both stratocones and monogenetic groups, are situated.

South of Yate, the course of the LOFZ is marked by a glacially-sculpted valley. Within this

valley the Holocene volcano Hornopirén forms a youthful elliptical cone, blocking drainage south-

west of Yate to form the Lago Cabrera basin. The shape and location of Hornopirén appear to

have been controlled by a pull-apart structure in the LOFZ in this area [Dewey and Lamb, 1992].

A lake is likely to have formed in the Lago Cabrera basin following early Holocene eruptions of

Hornopirén, with subsequent eruptions producing a narrower and deeper basin. The present-day

lake has an area of approximately 5 km2.

Deglaciation proceeded rapidly at these latitudes at the end of the last glaciation, and was

nearly complete by 12,300 14C yr BP [Heusser, 2002]. The summit ridge of Yate still supports

glaciers, with a snowline at approximately 1500 m. Aerial photographs indicate signi�cant snowline

retreat in recent decades, a feature that has been widely recognised in the southern Chilean Andes

[Carrasco et al., 2005].
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4.1.2 Past landslides at Yate

Destruction of the summit of Yate through successive collapses probably began soon after the end

of the last glaciation. Debris �ows, originating from rockfalls high on the �anks of Yate, have

formed fan deposits at the east end of Lago Cabrera, SSW of the summit, and at Llanos del

Yate to the NNE (Figure 4.1), modifying local topography extensively. Landslides originate from

horseshoe-shaped collapse scars NE and SW of Yate's summit area. The resultant mass movements

are modi�ed and controlled by local topography and consist of volcanic rock and ice; they are best

classi�ed as volcanic debris �ows. Historical records suggest that most of the fan material was

emplaced during large individual events, four of which have occurred since 1870.

Two major collapses NNE of Yate occurred in 1870 and 1896 and have been documented by

Hauser [1985]. From these, debris �ows followed the Rio Blanco to the coast at Llanos del Yate

(Figure 4.1). Here, deposits from the two events cover an area of approximately 25 km2 and

blanket a region of gentle topography. The extent of the fan at Llanos del Yate, and the scale of

the collapse scars at Yate's summit, suggest that such landslides have been frequent throughout

post-glacial time. Debris �ows occurred SSW of Yate in 1965 and 2001, but are only documented

in contemporaneous newpaper reports [Flash, 1965, Mercurio, 2001], though events are recalled

by local people. The deposits are con�ned to the Lago Cabrera area (Figure 4.2), and form the

hummocky out�ow of the El Derrumbe valley. This name, meaning landslide, was given to the

valley prior to 1965, and suggests local awareness of the instability of Yate's summit. The El

Derrumbe debris fan has built westward and upward over time, modifying and raising the lake

shoreline. Here, I examine in detail the largest historical landslide from Yate's SW sector, that

of 1965. The immediate and long-term factors that give rise to repetitive mass-wasting events at

Yate are investigated, in an e�ort to estimate the frequency and characterize the scale of this type

of event. This work goes on to examine the role of glacial erosion and deglaciation in collapse, and

shows how the pattern of edi�ce destruction is consistent with a model of volcano deformation by

the underlying strike-slip LOFZ.

4.2 The 1965 landslide and tsunami

The most catastrophic historical landslide at Yate occurred in 1965, when a mass of rock and

ice detached from the SW region of Yate. The failed material was transported south down the
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con�ned El Derrumbe valley, and its run-out and super-elevation behaviour is consistent with rapid

transformation into a saturated debris �ow, which incorporated debris from below the collapse

scar and entrained vegetation along its path. Unfortunately, its remoteness and inaccessibility

due to dense forest cover meant that close examination of the deposit was not possible, limiting

the interpretations of the failed rock body deposited material. While the �ow regime cannot be

directly ascertained, comparison may be made with debris �ow deposits NE of Yate. Here, the two

historical events formed saturated debris �ows with long run-outs, altering the course of the Rio

Blanco on the Llanos del Yate debris fan [Hauser, 1985]. The deposits are poorly-sorted mixtures

of rock, ash, sand, soil and vegetation, but lack �ne material and mud. They contain clasts of up

to 7 m diameter. Deposits SW of Yate contain boulders of up to 2 m diameter, and form mounds

and hollows on length scales of 10�30 m, although some of this relief may be inherited from older

debris fan deposits. The scale of these features is similar to the deposits NE of Yate. Hollows

within the deposit suggest that large ice blocks were present, analogous to the `kettles' observed by

Hauser [1985] at the Llanos del Yate and described from many rock and ice collapse deposits [e.g.,

Branney and Gilbert, 1995, Clavero et al., 2002]. Thus, morphological evidence, from photographs,

aerial photographs, and from �eld examination using binoculars suggests deposits SW of Yate are

comparable to those produced by the saturated debris �ows NE of the summit, which originated

from landslides in the same lithologies and travelled similar courses.

Part of the debris �ow entered Lago Cabrera, generating an impulse wave, the e�ects of which

are still clearly visible around the lakeshore (Figure 4.2). Here, I use �eld observations, eyewitness

interviews and aerial images from 1960 and 1982, to analyse this event. The smaller 2001 debris

�ow followed a similar course, partially covering the 1965 deposits. There is no evidence to suggest

that it reached Lago Cabrera, though it killed 50 cattle in the lower El Derrumbe valley [Mercurio,

2001]. The unvegetated 2001 deposit covers about one third of the 1965 subaerial deposit, primarily

on the south side of the lower El Derrumbe valley. The 2001 �ow left fresh vegetation trimlines in

the upper El Derrumbe but, due to the lack of aerial photography following this event, it is not

possible to locate the source or quantify the scale of this event. Ground-based observations and

1982 aerial photographs suggest the 2001 debris �ow did not originate from the same part of the

summit region as the 1965 landslide.
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Figure 4.3: Aerial photographs of the 1965 debris �ow, with super-elevation velocity estimates.
Photographs were taken in 1961 and 1982. Locations of the bends in the path used for �ow velocity
calculations and the centreline of the �ow are shown on the 1982 photograph. Inset topographic
cross-sections (vertical scale exaggerated) show the height of vegetation trimlines used to estimate
super-elevation.

4.2.1 Accounts and observations

In the early morning of 19th February, 1965, a landslide resulting from a collapse in the SW region

of Yate's summit produced a debris �ow that travelled down the El Derrumbe valley and entered

the northeast end of Lago Cabrera (Figure 4.2). Farm buildings, sited on the fan at this end of

the lake, were buried without trace. The debris �ow overran older vegetated deposits and entered

the lake, extending the pre-event shoreline westward by up to 250 m. The surface of the 1965 �ow

deposit is uneven and variably vegetated, and its upper part is now buried under the 2001 deposit.

An impulse wave, generated as the debris �ow entered the water, travelled the length of Lago

Cabrera, running up over gently sloping land bordering the southwest corner of Lago Cabrera

(Figures 4.2 and 4.3). Here, three farmhouses were destroyed, and 27 inhabitants were killed

[Flash, 1965]. Eyewitness accounts2 record just one wave, synchronous with the �rst noise, possibly

2The following is a précis of interviews with eyewitnesses of the 1965 landslide. Juan Freddy Antiñirre and
Ercilia Mancilla (who lost her father, a brother and a sister in the tsunami), Chaihuaco, 15th January 2007: The
wave arrived in the early hours of the morning on 19th February 1965, completely destroying three houses (at SW
lake corner). One house containing two people survived, situated 30 m beyond today's shrine (situated near site of
houses). This land was forested, with mature living coigüe. Twenty-seven lives were lost, and extensive searching,
including by boat, yielded only the partial remains of one person. Water, not debris, did the damage, but ankle-deep



136 CHAPTER 4. EDIFICE DESTRUCTION ON THE LOFZ AT YATE

followed by a second loud sound. Land along the lake shorelines, and particularly in the populated

southwest corner, was scoured of vegetation, including mature coigüe forest, up to 35�40 m above

the present shoreline (Figure 4.4). The debris entering the lake included rock, snow and ice, but

the damage around the lake was caused entirely by the water wave, which deposited only 20�30 cm

of �ne mud at the west end, where it ran inland. This deposit is preserved below felled tree trunks,

and contains intraclasts (Figure 4.5), with rare angular lithic fragments that increase in frequency

and size (up to a few cm diameter) towards the shoreline.

The Lago Cabrera shoreline was altered by the 1965 landslide (Figures 4.2 and 4.3). An

eyewitness estimated an increase in water level of 6 m immediately following the event, but aerial

photograph analysis suggests a change of 10�15 m, although this may not have been instantaneous.

The deposit blocked drainage at the northeast end of the lake, forming Laguna Las Vacas, with

surface area 0.45 km2 [CONAF, 2007]. A drowned forest is still evident at the shallow north end

of this lake.

4.3 Analysis of the 1965 debris �ow and tsunami

The scale of the 1965 events has been investigated using aerial photographs, maps and �eld mea-

surements. I have also attempted to quantify the scale of the subsequent tsunami in Lago Cabrera,

primarily to assess the approximate wavemaker volume (i.e., the volume of the submerged deposit).

Estimates of lake bathymetry and the extent of the submerged deposit are poorly constrained, and

the sensitivity of results to these uncertainties are discussed in the following sections. Results

should be regarded as semi-quantitative, but are made in an e�ort to constrain the parameters

relevant to the 1965 landslide.

Four regions relating to the landslide and tsunami are de�ned for the following section (Fig-

ure 4.6): the collapse source; the upper El Derrumbe valley; the lower El Derrumbe valley and

soft mud was deposited. The water travelled well beyond the region where the vegetation was removed (into the
forest). There were no signs of previous debris �ows at the east lake end; the land there was a �at forested valley,
farmed, with one farmhouse, empty that night. This area was completely buried by rock, snow and ice, leaving
hummocks 6-8 m high, and rocks. Following the event the lake was turbid and contained icebergs, and was di�erent
in terms of shape and size. The SW shoreline moved by about 100 m and the water level rose by about 6 m. Bubbles
appeared occasionally in the shallow water here after the event. Before the event the Yate summit had a smooth
conical pro�le, resembling a volcano, where the cli� is today. Unusually bad summer weather, of heavy rainfall,
had occurred for 15 days before the landslide. Antonio Paillén, Hornopirén, 16th January 2007: Corroborated the
above account. He was in the house that survived at the SW end of the lake, playing cards at 2.00 am local time,
when he heard a noise, that he attributes to the rockfall. Water arrived against the walls of his house concurrent
with the noise. He lived about 100 m beyond the main zone of damage, and noted a second noise after the wave,
but only one wave.
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Figure 4.4: Photographs of Lago Cabrera and tsunami impacts following the 1965 landslide. a

A view across the SW corner of the lake, showing vegetation scour up to 30 m above present
water level at the W end of the lake (y). On the far bank (z ), which is SW-facing and was in
the shadow of the westward travelling wave, mature trees extend down to the lake shore. b Aerial
photograph of SW corner of Lago Cabrera following the 1965 tsunami, showing directions of wave
motion. Points x y z refer to locations shown in images a and c. c SW lake corner, showing bare
ground and young vegetation in zone of complete stripping of cover, and the approximate site of
the settlement, several hundred metres from the lake shore. The summit area of Yate is in the
background. d Lago Cabrera out�ow at the edge of muds at the SW lakeshore, carrying water
beneath Hornopirén lavas.
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Figure 4.5: Photographs of clasts relating to landslide and tsunami deposits at Yate. a Intraclasts
of rip-up soil fragments in the mud deposit left at the SW corner of Lago Cabrera following the
tsunami, preserved under a felled tree. Selected clasts have been outlined for clarity. b Embedded
clast in wood of felled trunk at SW corner of lake, scale in centimetres. c Individual fractured
clast of volcanic rock from the NE area of the Yate summit, carried in the debris �ow of 1870 or
1896, and transported approximately 12 km from source. The rock now lies on the coastline, and
the objects on top are navigational beacons.

debris fan; and the submerged deposit and Lago Cabrera.

4.3.1 The collapse source

Aerial photographs from 1961 show debris trails on the upper slopes of the SW region of Yate,

as well as lines of rocky crags, indicating active erosion of steep slopes and also marking probable

lines of past failure (Figure 4.7). On the 1982 images similar features show active erosion and

unstable cli�s, and at the present day the snow below the higher rock faces is littered with fallen

material.

Detailed examination of aerial photographs bracketing the 1965 landslide indicates a collapse

source near the summit ridge of Yate (Figure 4.7), in a southward-opening amphitheatre-shaped

depression. This feature is likely to be the result of previous collapses, coupled to some degree

with subsequent glacial erosion. Collapse occurred in two main areas, one on each side of this

depression, across a maximum E-W width of 1.3 km. All of the material removed in the collapse

entered the El Derrumbe valley, through a narrow (400 m wide) opening at the head of the valley.

The images show a large cli� formed on the east side of the summit depression, interpreted as

the source of a deep-seated landslide. This subvertical cli�, with a headscarp breadth of 700 m,
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Figure 4.6: Aerial photograph interpretations of the El Derrumbe valley. The area covered is
between the summit ridge of Yate and the east end of Lago Cabrera, and shows features relating
to the landslide and debris �ow. a From photographs taken on 28/12/1961. b From photographs
taken in 1982 at unknown date. Scale is approximate.
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has been reconstructed using ground-based photogrammetry, in order to examine its shape and

scale. The method used in this reconstruction involved using two images taken from the shore

of Lago Cabrera, approximately 10 km from the summit area, with a di�erence in the horizontal

lines of sight forming an angle of 10°. Five well-separated points were selected, common to each

image, whose co-ordinates could be found using the area map. Using these as control points, over

700 matched points were marked on each image. The program used (PicWorks, supplied by R.

Herd, personal communication) then calculated xyz co-ordinates for each of these 700 points by

translating matched pixel positions into vector locations, calibrated using the control points. By

plotting these locations a 3-dimensional surface model of the cli� morphology is thus produced,

as shown in Figure 4.8. The scale, based on the calibrated control points, should be considered

approximate. The modelled surface and photographs reveal a subvertical upper cli� face, formed

of subhorizontal lavas, up to 80 m thick. The lavas overlie a lower cli� of heavily weathered rocks,

judged from their appearance to be pyroclastic material, up to 100 m thick, with more uneven

topography. The pyroclastic rocks erode recessively as a series of gullies with a concave pro�le,

becoming snow-covered and ending in a small plateau at the base. The collapsing mass of rock

and ice travelled around the west side of a rocky slope below the plateau, which was exposed after

the event and may have been a source of additional debris. According to eyewitness reports, prior

to the 1965 landslide the failure region formed a craggy slope with a rounded pro�le, in contrast

to the present-day cli�. It is possible that di�erential erosion of the pyroclastic rocks underlying

the lava cap in the failure region contributed to rockface instability. The result is likely to have

been a slump-like valley-head landslide, and similar landslides are likely to recur from the newly

exposed cli�.

After the 1965 landslide, 0.1 km2 of steep stony ground was exposed on the west side of the

amphitheatre, in an area that previously had thick ice cover. This shallow slab failure may have

occurred simultaneously with the failure on the east side, or in response to it, following entrainment

of material at the base of the slope, potentially reducing relative glacier strength here [cf. Huggel

et al., 2007]. This region contributed a high proportion of ice as well as rock to the landslide.

To estimate the volume of failed material the collapse source is treated as two main regions.

In the east (X in Figure 4.7), along a headscarp of 700 m, the mean vertical cli� height is ap-

proximately 150 m. From maps, aerial photographs and eyewitness accounts the pre-failure slope

angle is estimated at 40�50°, implying a rock failure volume of approximately 6�9 Ö 106 m3. To



4.3. ANALYSIS OF THE 1965 DEBRIS FLOW AND TSUNAMI 141

Figure 4.7: Aerial photographs of the Yate summit collapse area in 1961 and 1982, showing the
main east (X) and west (Y) source regions of the 1965 landslide. Failure region is shown as a
dashed outline in the pre-failure 1961 image.

the west (Y in Figure 4.7) it is estimated that 1�10 m of ice and rock cover was removed from an

area of 0.1 km3; a volume of 105 �106 m3. The total source region failure volume was therefore

approximately 6 Ö 106 � 1 Ö 107 m3, the bulk of which originated from the east cli�. Entrainment

of unconsolidated material from the slopes below the failure area is unconstrained, but may have

increased this volume substantially (see Section 4.3.2.1).

4.3.2 El Derrumbe valley and debris deposit

A topographic pro�le of the debris path from the top of the failure scarp at 2000 m shows a

horizontal length of 7500 m to the pre-event shoreline of Lago Cabrera, with a 1490 m vertical

drop (Figure 4.9). Below the collapse amphitheatre the slope steepens, marking the top of the El

Derrumbe valley.

The most prominent di�erence between the aerial photographs of 1961 and 1982 is the unveg-

etated deposit along the El Derrumbe valley (Figure 4.3). Prior to the 1965 landslide the slopes of

the upper El Derrumbe were heavily forested. The debris �ow cleared vegetation across an 1100 m

width in the north-south trending upper El Derrumbe valley, overriding topography to approxi-

mately 100 m above the valley �oor. The river course in the upper El Derrumbe was unaltered

by the landslide and local topographic shapes are still discernible, albeit stripped of vegetation,

suggesting only minor deposition in this region.

The lower El Derrumbe valley trends southwest, and prior to 1965 had a gently sloping but

uneven topography covered by mature forest. The 1965 debris �ow overran this area, forming a
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Figure 4.8: Photograph and photogrammetric image of the eastern failure region of the 1965
landslide. This region contributed the bulk of rocky material to the debris �ow and left a cli� of
bedded lavas overlying recessively eroding pyroclastic rocks.

fan with a maximum width of 1.5 km towards the east lake shore. Although all of the mature

forest in this region was cleared by the 1965 debris, the main �ow split into two arms, carrying

the bulk of material around hummocky topography in the centre of the pre-1965 fan, suggesting

deceleration of the �ow. In this central area, scrub rapidly re-established, today forming patches

of low woodland close to the lakeshore. In contrast, the clastic material in the main channels has

only a sparse vegetative cover today (Figure 4.10). The north arm of debris followed the pre-1965

main river course, damming drainage from the north and forming Laguna Las Vacas (Figure 4.2).

The south arm transported the greater volume of debris, forming a fan at the east end of Lago

Cabrera, and generating an impulse wave. The modern river follows the south edge of this fan,

directly below steep valley slopes. It may have modi�ed the fan morphology, through deposition

and transport of �ne sediment from higher in the valley, in the years following the landslide.

4.3.2.1 Deposit volume

Debris �ow deposition in the upper El Derrumbe valley (area of 2.0 km2; Figure 4.6) is considered

to be negligible. The debris �ow deposited subaerially in the lower El Derrumbe valley (area

of 3.0 km2), where topography suggests an irregular deposit thickness. This reaches thicknesses

estimated at 10 m in some areas, such as the area of blocked drainage that subsequently formed

Laguna Las Vacas. From this the mean deposit thickness in the lower El Derrumbe valley is

estimated to be between 3�5 m (a volume of 9 Ö 106 � 1.5 Ö 107 m3), and after accounting
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debris �ow deposit outlined. Flooded land around the original lake shore is shaded. RS values show
estimates of wave run-up (above pre-event water level) based on vegetation trimlines. Insets de�ne
the parameters used in calculations in the text: a Topographic pro�les for two sections across
the lake used for bathymetric approximation (see Section 4.3.3). b Wavemaker dimensions. The
dashed triangle on the main map indicates the debris fan extent at the pre-event lake water level
and is used to estimate wavemaker volume (see Section 4.3.3.2). a and b are the approximated
dimensions of the wavemaker at pre-event water level, h′ is the water depth at the foot of the
wavemaker, θ is the lake �oor slope angle, γ is the wavemaker angle of rest, L is the submerged
deposit length and λ is the deposit centreline length. c Original and �ooded lake areas used to
estimate water displacement and lake volume change (see Section 4.3.3.3).
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Figure 4.10: Photograph of the debris �ow deposits. View looking east up the lower El Derrumbe
valley, showing features left by the 1965 and 2001 debris �ows.

for the submerged deposit (Section 4.3.3), a total deposit volume of ∼1.5�2.7 Ö 107 m3. The

collapsed source material would have expanded during disintegration and transformation into a

debris �ow. Without �eld constraints, a bulking factor of 0.25 is assumed, following Hungr and

Evans [2004] use of the median porosity of loosely-crushed rock, to infer a pre-bulking source

volume of 1.2�2.2 Ö 107 m3.

This volume is approximately twice as large as the estimated volume of the failure region

(Section 4.3.1), implying substantial entrainment of colluvium and vegetation along the �ow path.

The deposit volume is an order of magnitude smaller than some non-eruptive volcanic collapses

such as that at Iriga, Philippines [cf. Lagmay et al., 2000] or the 1970 rock and ice avalanche of

Nevados Huascarán, Peru. In the debris �ow classi�cation scheme (range 1�10) of Jakob [2005]

the 1965 event at Yate has a magnitude of 7. However, the scale and inferred recurrence rate (see

Section 4.5) of the 1965 and similar-sized events at Yate is high compared to catastrophic �ank

failures at many volcanoes, such as those at Casita in 1998 (1.6 Ö 106 m3 [Kerle, 2002]) and earlier

in the Holocene [Scott et al., 2005].

4.3.2.2 Velocity estimates

The entire landslide volume was funnelled through a notch 400 m wide at the head of the El

Derrumbe valley, and the �ow remained con�ned for 5 km before fanning out and decelerating in

the lower El Derrumbe valley. Following Evans et al. [1989], the longitudinal horizontal path of

7500 m and vertical change of 1490 m give a fahrböschung (the ratio of vertical change to horizontal
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Table 4.1: Debris �ow velocity estimates

Locationa A B

y (m) 65 90
r (m) 450 1750
j (m) 400 1000

v (super-elevationb) (m s-1) 26.8 39.3
v (velocity headb) (m s-1) 35.7 42.0
aSee Figure 4.3
bPierson [1985]

path) of 0.2 (11.3°). This value would be lower if the debris had not entered Lago Cabrera, but

continued to run out on land, and it is similar to that of other volcanic debris avalanche deposits

[Ui et al., 2000], indicating relatively high mobility. Rapid transformation into a debris �ow would

have been enhanced by entrainment of saturated colluvium [Hungr and Evans, 2004]. Comparison

with similar channelised landslides that developed into debris �ows [Evans et al., 1989, Boultbee

et al., 2006] suggests the �ow was of high mobility given its volume.

Indirect estimates of debris �ow velocity, v, may be derived from evidence of debris �ow super-

elevation using the vegetation trimline at bends in the �ow path [Pierson, 1985]. From the tilting

of the free surface in a bend

v =

√
gyr

j
(4.1)

where g is acceleration due to gravity, y is the di�erence in trimline elevation, r is the radius

of curvature at the centre of the �ow path, and j is the channel width. Calculations at two points

in the �ow path (A and B in Figure 4.3) are given in Table 4.1. Using estimates from aerial

photographs and topographic maps these give velocities of 27 and 39 m s-1. The application of

equation 4.1 has not been rigorously tested for debris �ows of this type, and it may underestimate

the true velocity [Pierson, 1985, Evans et al., 2001]. Using a velocity-head calculation [Pierson,

1985] at the same points (Table 4.1), based on the conversion of kinetic to gravitational potential

energy, gives comparable but slightly higher velocities:

v =
√
2gy (4.2)

where y, the vertical run-up, is approximated by the trimline elevation di�erence. Since fric-



146 CHAPTER 4. EDIFICE DESTRUCTION ON THE LOFZ AT YATE

tional energy losses are not accounted for in this calculation, and also given that impact was not

perpendicular to �ow direction, it provides an estimate of minimum velocity. The lower velocities

at point A may re�ect underestimation of run-up, as part of the �ow appears to have overridden

the crest of the valley side here. These estimates indicate a maximum velocity of approximately

40 m s-1 in the upper El Derrumbe valley, a value comparable to similar �ows elsewhere [e.g.,

Evans et al., 2001, 2007, Boultbee et al., 2006]. Having lost energy in the corner at B, the �ow

decelerated on the gentler topography of the lower El Derrumbe valley, with extensive deposition

of debris, before entering Lago Cabrera.

4.3.3 Lago Cabrera and the 1965 tsunami

Impulse waves in lakes or reservoirs resulting from mass movements have been documented in

alpine environments [e.g., Evans, 1989, Panizzo et al., 2005] and as a result of volcanogenic collapses

[Freundt et al., 2007]. The resulting waves are a class of tsunami, and have the capacity to cause

signi�cant damage on a local scale, being commonly associated with very large wave run-up on

surrounding lake shores, and with very short travel times relative to tsunamis in more open settings.

Field and aerial photograph measurements of wave destruction at Lago Cabrera (Figure 4.9)

provide a good proxy for tsunami parameters. On steep lakeshore slopes slightly oblique to the

direction of wave travel vegetation was completely removed at heights of up to 30 m above pre-event

water level. From this observation, allowing for a small amount of run-up, the wave amplitude,

η, is approximated at 25 m above ambient water level. The following calculations rely on lake

water depth as an input. Water depth, h, is estimated in the centre of the lake by extrapolating

topographic slopes (Figure 4.9). These suggest that Hornopirén lavas abut early post-glacial

topography at the base of the Pululil lava ridge, forming a basin that deepens to the east. Active

slope sedimentation and debris �ow input from the east is likely to have in�lled much of this basin

in post-glacial time, but by an unknown amount. This suggests the lake depth does not exceed

200 m, but may be as little as 50 m, and this range is used in the following calculations.

4.3.3.1 Wave run-up

The wave run-up in the gently sloping southwest corner of Lago Cabrera provides an additional

constraint on wave amplitude, and can be used to test whether the estimate of wave-height given

above is realistic. In the SW lake corner all buildings and vegetation, except for the largest tree
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trunks (> 1 m in diameter), were removed for up to 1000 m inland; a ca. 50 m vertical climb

from the pre-event shoreline. Water travelled beyond this point, but without su�cient energy

to remove vegetation, and thus wave run-up (total vertical height climb of water), R, exceeded

50 m. The minimum ground slope in this region is 1:20, but the ground steepens towards the

shore to approximately 1:10, and this slope is taken to estimate the submerged slope angle, β. The

estimated wave amplitude η, of 25 m can be taken as a proxy wave source input.

A solitary wave on a planar slope will break when η
h > 0.818 (cotβ)−

10
9 , where η

h is the ratio of

wave height to water depth [Synolakis, 1987]. The lake depth estimates used (Section 4.3.3) give

a η
h range of 0.125�0.5. This exceeds the wave-breaking criterion (0.063 in this case), suggesting

that the wave broke early during run-up. Using the numerical results of Li and Raichlen [2002]

quoted for plane beach slopes of 1:19.85 and 1:15, Rh is 0.35�0.9, giving an inferred run-up range

of 37.5�80 m. This estimate of run-up, which is based on the �eld-estimated wave height of 25 m,

corresponds well with �eld observations of total run-up (R > 50 m), and suggests that these

estimates are self-consistent, and that the lake depth range used is plausible.

4.3.3.2 Wavemaker volume

To estimate the volume of submerged solid material (the wavemaker) that generated the tsunami,

I use a model of wave behaviour produced by Walder et al. [2003], constrained by the �eld estimate

of wave amplitude (η = 25 m) and using h of 100 m (50�200 m range). In the following section I

work back from this model to �nd the wavemaker volume, and its dimensions, necessary to produce

an impulse wave of the observed magnitude. Other parameters remain unknown and consequently,

although care is taken to select the most realistic possible assumptions, the volume derived is only

approximate.

Following Walder et al. [2003], Lago Cabrera may be divided into three regions: the splash

zone, extending to the foot of the submerged debris �ow and characterised by complex dynamics;

the near-�eld, where kinetic energy is imparted to a coherent wave; and the far-�eld, where wave

propagation e�ects become signi�cant. The properties of the leading wave hump in the near-�eld

are, to the �rst order, independent of mass-�ow type, with a ratio of amplitude to water depth that

is a function of the wavemaker volume and underwater travel time. Walder et al. [2003] provide

a scaling analysis where wave properties may be estimated without the need to characterize the

complexities of the splash zone. From this, wave amplitude η may be expressed as
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η? = c

(
t?s
V ?
W

)−d
(4.3)

where ? indicates a dimensionless variable, ts is time of submerged debris �ow motion, VW is

debris �ow volume per unit width (the near-�eld lake width is 1000 m) and c and d are regression

coe�cients of 1.32 and 0.68 respectively. This equation holds true for 2 < t?s/V
?
W < 100. The

dimensionless variables are de�ned:

V ?
W =

VW
h2

(4.4)

t?s =
[x]

h′
(4.5)

η? =
η

h
(4.6)

where [x] is a distance measure of long-wave water displacement during landslide motion. To

estimate V ?
W and η? a near �eld depth, h, in the range of 50�200 m is used, as discussed above, but

to estimate t?s it is necessary to use the depth at the foot of the submerged debris, or wavemaker,

which is here called h′. A �rst order approximation for t?s is made from [Walder et al., 2003]:

t?s ≈ Cs

√
L

h′
(4.7)

where Cs is equal to 4.5, appropriate for a Coulomb frictional grain �ow [Savage and Hutter,

1989], and L is the submerged deposit length, comparable to the extent of the splash zone.

The wavemaker entered the east end of Lago Cabrera in a direction approximately parallel to

the lake length and decelerated to rest. The wavemaker is treated as a poorly sorted sedimentary

deposit, with an angle of rest [e.g., Carrigy, 1970], γ, of 35°. The submerged slope on which

the deposit settled is assumed to be formed from previous debris deposits, also with an angle of

rest of 35°. The basal lake slope, on which the debris deposits rest, has an unknown angle, θ.

The horizontal extent of the submerged fan at the pre-event lake level has been found using the

area of the fan at present water level (Figure 4.9), assuming a 35° lakeshore slope with a 10 m

height change. This area is equivalent to a rectangle with dimensions a (900 m) Ö b (250 m),

and using this the wavemaker can be modelled as a quadrilateral prism, with centreline length λ

(Figure 4.9b), such that
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Table 4.2: Tests of the sensitivity of wavemaker and tsunami parameter estimates to input lake
parameters.

Variables

γ ° 35 20 35 35 35 35
θ ° 10 10 5 15 10 10
h (m) 100 100 100 100 50 200

Results

h′ (m) 68.7 84.4 55.1 90.2 58.4 82.8
L (m) 355 482 329 379 333 368
[x] (m) 703 915 610 843 632 796
V (Ö 106 m3) 8.8 9.4 9.6 8.1 6.5 12

V = λab sin γ (4.8)

where V is the wavemaker volume. From Figure 4.9b the values of h′ and L are de�ned as:

h′ = sin γ

(
λ+

b
2 sin θ

sin (γ − θ)

)
(4.9)

L =
√
h′2 + (b+ h′ cot γ)2 (4.10)

Equations 4.3, 4.4 and 4.6-4.10 can now be solved to �nd λ such that η is equal to 25 m, thus

producing an estimate of wavemaker volume, V . To achieve this solution, the above method relies

on estimates of the poorly-constrained parameters γ, θ and h. The potential errors involved in

these estimates produces uncertainty in the derived volumes, and the sensitivity of the �nal results

to these input values should be tested. By varying these parameters within a range of plausible

values the uncertainties involved and the ability of the method to constrain wavemaker volume

can be indicated. Results from this process are shown in Table 4.2.

The assumed submerged deposit angle of rest, γ, of 35° may overestimate the value of a deposit

entering the lake with an initial lateral velocity. From the sensitivity analysis if is seen that reducing

this value to 20° increases estimated V by 6% (Table 4.2). Similar sensitivity is shown by changing

lake-�oor slope, θ, within the estimated range of 5�15°. Results are most sensitive to changes in

lake depth, h. Within the estimated possible range of 50�200 m the wavemaker volume varies from

6.5 Ö 106 � 1.2 Ö 107 m3 . Using what are considered the most likely parameters (Table 4.2), an

estimate for wavemaker volume, V , of 9 ± 3 Ö 106 m3 is produced, acknowledging the multiple
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uncertainties in the above calculations, the most signi�cant of which is lake depth. In spite of

these uncertainties, the ranges of all output parameters fall within a single order of magnitude.

Other �nal estimates produced include the submerged deposit depth, h′, of 55�90 m, and the

wavemaker block length, L, of 330�490 m. From these, using equation 4.5, a range for [x] is found

of 610�910 m. These results suggest that most of the lake lay within the near-�eld, which extends

to approximately 3 [x] beyond the splash zone, and that wave propagation e�ects can therefore be

neglected from the calculations.

These estimates of wavemaker volume suggest that no more than 50% of the debris �ow entered

Lago Cabrera. The scale of the tsunami generated is similar to those documented in comparable

settings elsewhere, such as the 1946 tsunami at Mount Colonel Foster and Landslide Lake, Canada

(η est. 29 m; R est. 51 m), which was formed by a smaller wavemaker with volume 7 Ö 105 m3

[Evans, 1989].

4.3.3.3 Hydrological e�ects

Prior to the 1965 landslide the out�ow of Lago Cabrera was subterranean, travelling beneath

Hornopirén lavas before emerging as the headwaters of the Cuchildeo River, 5 km to the south

(Figure 4.1). A rapid and sustained increase in water level, estimated at 6 m by eyewitnesses,

occurred after the event, indicating disruption of the out�ow coupled with water displacement by

the submerged deposit. However, the lake level stabilised at an increase of approximately 10 m.

The present-day out�ow is observable at the current shoreline in muds adjacent to Hornopirén

lavas (Figures 4.2 and 4.4), at an elevation far above the pre-event shoreline, and can therefore

only have formed here following re-establishment of the lake out�ow after the 1965 events.

If the change in lake level was simply due to displacement by the submerged deposit, the

wavemaker volume could be directly estimated. For a 10 m change in water level following the

event, an original lake area (excluding the 1965 deposit) of 4438000 m2, and a newly �ooded area

of 918000 m2 (Figure 4.9c), assuming a linear topographic slope implies a wavemaker volume of

∼4.9 Ö 107 m3. This volume is considerably larger than that estimated from tsunami modelling

(Section 4.3.3.2), and greatly exceeds the estimated source area volume, in spite of substantial

subaerial deposition. Moreover, if used as a starting point in the scaling analysis of Walder et al.

[2003], this volume suggests a wave amplitude of approximately 50 m and a resultant run-up [Li

and Raichlen, 2002] at the SW lake shore of 90 m, neither of which agree with �eld observations.
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Figure 4.11: Edi�ce morphology and the LOFZ stress regime. The map of Yate in the main �gure
shows the 1000 m contour and scars of summit collapses. Directions of failure motion, the line of
the LOFZ, and the maximum horizontal stress direction for a strike-slip system, σ1, are shown.
The inset shows the model results of Lagmay et al. [2000] for edi�ce failure on a strike-slip fault
zone. P and R show synthetic faults generated in the Lagmay et al. [2000] analogue models, which
approximately parallel the P and Riedel shear directions, respectively.

Thus, it is apparent that hydrological changes in lake out�ow took place following the tsunami,

with an increase in lake volume of approximately 4 Ö 107 m3, presumably due to riverine input,

after equilibration of the lake at a new level. There may also be some seasonal �uctuation in lake

volume a�ecting this estimate, which is seen in lake level di�erences between aerial photographs

from 1944 and 1961.

4.4 Strike-slip tectonics and edi�ce stability

Yate lies on the major dextral strike-slip Liquiñe-Ofqui fault zone [Cembrano et al., 1996]. Lag-

may et al. [2000] showed how strike-slip fault systems underlying volcanoes may induce edi�ce

instability, and produced a structural model of failure for such volcanoes (Figure 4.11). Their

experiments show that fault shear results in two sigmoids of normal and reverse faults with an

internal edi�ce �ower structure, creating two oversteepened and destabilized �ank regions where

avalanching occurs at angles of 10�20° to the trend of the underlying fault, towards the direction

of the Riedel shear.
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4.4.1 The in�uence of regional stress on edi�ce structure

The continental margin at the latitudes of Yate is best classi�ed as lying within a transpressional

regime, as a result of oblique subduction. Deformation along the LOFZ results from this, with

variable partition of transpression into regions of contractional and strike-slip kinematics along the

regions of the coincident LOFZ and SVZ [Cembrano et al., 2002]. Along the LOFZ deformation

is taken up along a broad zone of ductile distributed shear in the basement rocks, with marked

di�erences in the precise nature of deformation along strike [Cembrano et al., 2000, 2002]. Fault

populations in the region indicate a dextral strike-slip regime, accompanied by a compressive

regime just north of Yate [Cembrano et al., 2000]. Dextral strike-slip behaviour is also consistent

with recent seismicity observed along the fault zone [Lange et al., 2008].

Regional stress regimes have been found to in�uence many volcanic processes, including crater

opening direction, vent distribution and dike orientation [e.g., Lagmay and Valdivia, 2006, Tibaldi

and Lagmay, 2006]. Such interaction may result in cone elongation parallel to the regional max-

imum compressive stress direction [Nakamura, 1977]. Dike orientation, in�uenced by the local

stress regime on the LOFZ, appears to have exerted a control over entire edi�ce morphology in

the case of the elliptical cone of Hornopirén [Dewey and Lamb, 1992]. The model of Nakamura

[1977] has been used to suggest that crater opening, and similarly �ank failure, may occur per-

pendicular to the maximum regional compressive stress [Moriya, 1980], but further investigations

suggest these models may be too simplistic, and a variety of responses is seen in di�erent loca-

tions, varying with the kinematic setting and in�uenced by the precise relationship between the

fault system and the volcanic edi�ce [cf. Wooller et al., 2003, Lagmay et al., 2000]. Tibaldi [1995]

found that fault-perpendicular cone breaching was most common in extensional settings, whereas

strike-slip settings were characterised by fault-parallel failure. The analogue modelling of Lagmay

et al. [2000] concurs with this and provides a mechanism by which this process may occur.

4.4.2 Yate and the LOFZ

Edi�ce morphology and historical events at Yate suggest that major landslides initiate north and

south of the volcano summit at an angle of 5�10° to the local trace of the LOFZ towards the Riedel

shear direction (Figure 4.11). Thus, the model of [Lagmay et al., 2000] provides a good analogue for

the situation at Yate, with the scarps around the north and south failure zones forming sigmoids,

exaggerated by subsequent erosion. This implies that the regional tectonic system is an important



4.4. STRIKE-SLIP TECTONICS AND EDIFICE STABILITY 153

factor in determining failure orientation at Yate.

There is little historical record of seismic activity on this portion of the LOFZ, although

local seismicity indicates dextral strike-slip motion [Lange et al., 2008]. The in�uence of regional

tectonics does not imply that large-magnitude fault movement is concurrent with failure, but that

instabilities resulting in failure are inherited from movement on the fault during the lifetime of the

volcano, concurrent with at least part of the main period of edi�ce construction. Lagmay et al.

[2000] predict that 100 m of motion is su�cient to produce critical instabilities for a cone of 1500 m

in elevation (Yate's summit is over 2000 m). Although the times and amounts of movement on

the LOFZ are not well understood it has been active throughout the Cenozoic [Cembrano et al.,

2000, Forsythe and Diemer, 2006], and the total Pleistocene-Holocene displacement may ful�l the

above failure criterion. However, given the lack of evidence for this order of Holocene movement

along this portion of the LOFZ, it may be that in the case of a glaciated edi�ce such as Yate this

amount of fault displacement is not necessary to induce orientated edi�ce failure. In this situation,

the �rst-order role of strike-slip tectonics may be to impose linear zones of weakness within the

edi�ce, forming easily erodible belts that are then exploited by glaciers to initiate orientated glacial

valleys. Mechanical weakening, both on the edi�ce scale through strike-slip faulting, and at the

surface through glacial action and subsequent debuttressing during deglaciation, may produce a

situation with predictable failure directions. The interaction of glaciation with strike-slip tectonics

may explain the repetitive but relatively small-scale collapses at Yate, gradually removing masses

of mechanically-weathered rock, and distinct from the single catastrophic failures at volcanoes

such as Iriga, Philippines [Lagmay et al., 2000], where fault movement is greater and is the only

major factor in�uencing long-term instability. It should also be noted from Figure 4.11 that the

Candelaria and Pululil ridges radiate away from the main edi�ce in the direction of maximum

horizontal stress (σ1), suggesting an in�uence of the regional stress �eld on the orientation of

upper-crustal magma transport [cf. Nakamura, 1977], and a further control on volcanism by the

regional tectonic regime.

Several other southern Chilean volcanoes lie along the LOFZ, including stratocones (e.g.,

Hornopirén), and older complexes, similar to Yate, such as Minchinmávida (Figure 4.12). The

tectonic systems that control the structure of these edi�ces on a local scale have important im-

plications for hazard assessment in terms of the orientation of mass-wasting events. At Minch-

inmávida, a large Pleistocene-Holocene composite volcano 115 km south of Yate, a 3 km wide
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Figure 4.12: Failure directions at Minchinmávida volcano. A breached caldera to the north and
a depression to the south open at angles slightly oblique to the LOFZ, consistent with the model
of Lagmay et al. [2000]. The overall structure is similar to Yate, with volcanic ridges parallel to
σ1. The image on the left shows the context of these volcanoes on the LOFZ, apparent as a series
of fjords and glacial valleys parallel with the volcanic arc, and in many cases directly beneath it.
The location of the main image is outlined.
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amphitheatre, interpreted as a caldera [Naranjo and Stern, 2004], breaches the cone to the north.

A similar depression lies south of the summit area, from which a large debris-�lled valley exits,

approximately aligned with the LOFZ. The structure of the edi�ce is similar to Yate, with N-S ori-

entated debris-�lled valleys on each side of a deeply eroded summit, centred upon a volcanic ridge

approximately aligned with the σ1 direction. These similarities suggest that collapse orientations

are in�uenced by strike-slip tectonics at other volcanoes along the LOFZ. According to Norini

and Lagmay [2005] underlying strike-slip fault systems may also generate internal stresses and

deformation at edi�ces where the morphology does not suggest such in�uences. Thus volcanoes

such as Hornopirén, a symmetrical cone elongated along the strike of the LOFZ, may also pose a

landslide hazard through speci�cally orientated slope failure.

4.5 Previous landslides at Yate

The two major historical landslides SW of Yate added to an already extensive debris fan in the

El Derrumbe valley. Several arcuate scars are evident around the summit of Yate, and the vol-

cano's deeply indented morphology indicates that numerous previous collapses of similar style and

magnitude to those of 1965 and 2001 have occurred in the past. Construction of the debris fan

deposits has probably occurred throughout post-glacial time. Given the present extent of the El

Derrumbe fan, only larger debris �ows are likely to reach Lago Cabrera and produce tsunamis

in the future; most will come to rest on the fan, as in 2001. Prior landslides almost certainly

caused tsunamis similar to that of 1965, and the record of these past events should be evident in

the sediments of Lago Cabrera. Although the historical records are insu�cient to investigate the

long-term frequency of landslides, the timing of historical events may provide some insight into

the factors controlling failure.

While vegetation was well established in the El Derrumbe valley in 1961, the forest is identi-

�ably less mature on the valley �oor, than on higher slopes, indicating that events comparable to

that of 1965 had occurred within the preceding few hundred years. The 1965 collapse was then

followed by another major landslide within less than 40 years. Northeast of the summit, major

landslides occurred in 1870 and 1896 from di�erent source regions, and with no reported events

since. Thus, in spite of the close spacing in time of these historical summit collapses, as compared

to the inferred longer term failure rates, it remains unclear whether these failures were structurally

related. Historical records, although available over only a short period, suggest a frequency of
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≤ 102 yr for landslides of 106�107 m3 at the summit of Yate.

Although regional tectonics may explain the direction of failure at Yate, the predisposition

of the edi�ce to failure was enhanced by the retreat of ice throughout the Holocene, exposing

slopes that were previously stabilized and buttressed by ice. Additionally, incremental eruptive

construction of the edi�ce during the late Pleistocene and early Holocene, for which there is

evidence in the summit region, may have generated steeper slopes that became unstable in post-

glacial time. The lithological composition of the edi�ce, with massive lavas overlying weaker

pyroclastic deposits, may further contribute to instability (Figure 4.8) [Siebert, 1984].

The immediate causes of major landslides include a wide range of external processes, such as

extreme rainfall [Iverson, 2000], seismicity [Miller, 1960, Davis and Karzulovíc, 1963, Evans et al.,

1989], or a special combination of factors [Kerle et al., 2003], though there may also be no trigger

other than the exceedance of a stability threshold. None of the four historical events at Yate

correspond to known earthquakes. Hauser [1985] considered that glacial melting associated with

high temperatures triggered the 1871 landslide, and that extreme rainfall triggered the 1896 event.

Unusually heavy rainfall occurred for 15 days prior to the 1965 collapse, possibly with the 0 °C

isotherm lying above the summit elevation, and similar weather conditions occurred before the

2001 event. Both events occurred in mid-February, the height of summer, when snow levels are

likely to have retreated to their minimum extent, with meltwater increasing pore water pressures.

Thus, seasonal temperature e�ects, coupled with unusually wet weather conditions, may have

triggered the past two landslides at Yate. Long periods of intense rainfall, as well as snowmelt,

are a well documented cause of deep-seated, rather than sur�cial, landslides, where the pore water

pressure in a body of fractured rock is elevated to failure thresholds [e.g., Schuster and Wieczorek,

2002]. Yate may have approached critical failure conditions over several decades, perhaps linked to

retreating summit ice. Although Yate is situated within the rupture zone of the May 1960 (MW 9.5)

subduction zone earthquake, and in spite of the earthquake magnitude, this earthquake did not

initiate slope failure at Yate. Elsewhere in the region, widespread landslide generation was observed

following this earthquake [e.g., Davis and Karzulovíc, 1963, Dobrovolny et al., 1963]. Subaerially

these were predominantly small events, but the earthquake also generated a large turbidite in the

Reloncaví fjord, at the Puelo river estuary, immediately north of Yate [Chapron et al., 2006]. The

lack of triggering at Yate suggests that, subaerially, large earthquakes are most likely to trigger

shallow, small landslides in these settings, given the large distance of the rupture from the volcanic
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arc (approximately 150 km). Earthquake triggering of larger, deep-seated landslides such as the

1965 failure at Yate may depend on pre-conditioning of the failure region through other processes,

such as high rainfall. Increases in pore-water pressure, following snowmelt or intense rainfall, are

likely to be of primary importance for such events, but if such a situation is obtained, then large

earthquakes may provide an immediate trigger.

In the longer term, hazards of this type may increase on glaciated volcanoes. Glacier retreat

between 1961 and 1982 is evident on aerial photographs from those dates (Figure 4.3), and has

been observed at many southern Andean volcanoes over the past 50 years [Carrasco et al., 2005,

Rivera et al., 2005]. There is not such a clear change in snowline in aerial photographs from 1944

and 1961, suggesting that glacial retreat may have accelerated at Yate in the latter half of the 20th

century. In addition to seasonal or shorter-term changes in pore water pressure due to weather

conditions, a longer-term increase in meltwater production may destabilize slopes. Furthermore,

stress release associated with debuttressing of slopes following ice load removal may condition

bedrock for failure [Cossart et al., 2008], while also exposing mechanically weathered rock to

further degradation, potentially increasing the likelihood of large landslides. Increased rain rather

than snowfall, due to warmer conditions, may further destabilize upper slopes through increased

erosion.

Debris �ows at Yate appear to have occurred throughout post-glacial time, with evidence for

multiple events in recent centuries. The factors resulting in recurring collapses at Yate, without

signi�cant magmatic renewal and edi�ce growth, may be distinct from those that cause signi�-

cantly larger sector-collapse debris avalanches at many volcanoes. Large Neogene sector-collapses

are well documented at several Central Andean volcanoes [e.g., Richards and Villeneuve, 2001],

with many occurring near the end of the last ice-age. An example is that at Parinacota (est.

6 km3 [Clavero et al., 2002, Hora et al., 2007]), which may in part have been induced by rapid

deglaciation. At Yate there is no evidence for events signi�cantly larger than that in 1965. The

1965 landslide volume is over an order of magnitude smaller than many volcanic sector collapses,

the largest of which may have a repeat time of 1:10 kyr [Ui et al., 2000]. However, many volca-

noes produce repeated landslides in combination with larger �ank failures. For example, Mount

Meager, British Columbia, Canada, has undergone three �ank collapses of > 108 m3 in the last

7.5 kyr, possibly associated with eruptions [Friele et al., 2005], in addition to numerous smaller

landslides. Mombacho, Nicaragua, has displayed similar behaviour [Shea et al., 2008]. However,
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the apparent frequency of landslides at Yate of ≤ 102 yr for events of 106�107 m3 is notably high

given the lack of volcanism. Landslides of this scale and frequency, originating at the headwalls

of erosive features commonly related to structural instabilities, may be common to many volca-

noes, and may constitute a similar, if not greater, cumulative destructive potential for life and

property than that posed by larger landslides or sector collapses. To summarise, it appears likely

that Yate's sprawling, glacially eroded, composite edi�ce, its relatively low level of late-Pleistocene

and Holocene magmatic activity, and its tectonic situation, resulting in deeply incised orientated

valleys, may all be contributing factors to such rapid edi�ce destruction behaviour in discrete large

landslides. However, it is possible that the frequency derived from historical records is atypical,

and that current landslide rates are high, and potentially increasing, due to melting of summit

glaciers.

4.6 Conclusions

The edi�ce of Yate, a glacially dissected stratocone, has failed in post-glacial time through a series

of mass movements, generating debris �ows that reach the coast to the north and approach Lago

Cabrera to the south. The largest historical event occurred on 19th February 1965, when a rock

face collapsed around a 1.3 km wide amphitheatre and generated a debris �ow. The failed material

comprised ice and weathered lavas and pyroclastic rocks, with estimated volume of 6.1-10 Ö 106 m3.

Fifteen days of heavy rain prior to the landslide is likely to have provided the immediate cause of

failure.

The 1965 debris �ow travelled 7500 m to reach the shore of Lago Cabrera, an intermontane lake,

descending 1490 m in height. Maximum velocity, before deceleration and deposition, is estimated

to have been 40 m s-1. Total deposit volume, including entrainment and bulking, is estimated

at 1.5�2.7 Ö 107 m3, at least 50% of which came to rest subaerially. Part of the �ow deposit

(an estimated volume of 9 ± 3 Ö 106 m3) entered the eastern end of Lago Cabrera, producing

an impulse wave that caused extensive damage around the lake and killed 27 people living at the

southwest shore of the lake. Field evidence and calculations indicate a tsunami wave height of

approximately 25 m with a vertical run-up at the southwest shore of approximately 60 m.

The orientation of landsliding at Yate forms an angle of 10° in the Riedel shear direction

with the line of the dextral strike-slip Liquiñe-Ofqui fault zone (LOFZ), on which the volcano is

constructed. This orientation corresponds closely to modelled failure directions of volcanoes on
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strike-slip faults [Lagmay et al., 2000], and is consistent with tectonically mediated collapse.

Movement on the LOFZ during the lifetime of the volcano is likely to have imposed an orien-

tated weak tectonic fabric. This pattern may have been subsequently enhanced by glacial erosion,

leading to preferentially orientated glacial valleys, and generating a feedback mechanism with

collapses followed by further rapid glacial erosion, and accelerating the rate of edi�ce incision

through repeated landslides. Additionally, post-glacial ice retreat and subsequent erosion after de-

buttressing may have rendered the upper slopes of thick lavas overlying pyroclastic rocks unstable,

promoting mass wasting. Shrinkage of summit glaciers in recent decades, increased meltwater,

and greater volumes of rainfall, rather than snow, may have augmented the conditions necessary

for failure in 1965 and 2001, and may increase the likelihood of similar future events as summit

glaciers melt further.

Several southern Chilean volcanoes lie on the LOFZ, and numerous volcanoes globally are

situated on strike-slip faults. Many of these volcanoes may be susceptible to edi�ce collapse in

orientations controlled by fault systems. Although volcanic landslide frequency may have increased

immediately after late-Pleistocene deglaciation due to processes associated with rapid climatic

change [cf. Capra, 2006], the hazard from similar events is still present. While the long-term rates of

edi�ce collapse cannot be esimated in this case, continued melting of summit glaciers and increasing

amounts of higher altitude rainfall, rather than snow, as a consequence of a warming climate,

may increase the frequency of large landslides in these environments, particularly on volcanoes

where the substrate is mechanically weakened, hydrothermally altered, or poorly consolidated,

and especially in settings where orientated structural instabilities exist, such as strike-slip fault

zones. Recognition of deposits from these events and awareness of the hazard to settlements in

vulnerable areas are important in mitigating future disasters, particularly when debris �ows may

interact with water bodies.
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Chapter 5

Tephra fallout from the May 2008

Chaitén eruption1

5.1 Introduction

On May 2nd, 2008 a large explosive eruption began at Chaitén volcano (42.8° S), without recognised

warning and preceded by little precursory seismic activity [Lara, 2009]. The event was the largest

explosive eruption globally since that of Hudson, Chile, in August 1991, and as such it provided a

rare opportunity to track the long-range dispersal and deposition of �ne volcanic ash, using both

remote [e.g., Carn et al., 2009] and �eld-based methods. The eruption was particularly notable,

since the last identi�ed activity at Chaitén (Cha1; Naranjo and Stern, 2004, Chapter 6) was thought

to have occurred at ∼9.8 kyr. Furthermore, Chaitén produced the �rst explosive rhyolitic eruption

[e.g., Castro and Dingwell, 2009] since Novarupta, Alaska, in 1912. The eruption had immediate

social and economic impacts across southern Chile and Argentina, with more than 5000 people

evacuated from settlements up to 75 km from the volcano, and extensive ash deposition leading to

regional disruption of agriculture and aviation.

The most energetic phase of eruption occurred during the �rst week. Following this explosive

phase, dome growth initiated, with minor explosions and a continuous vapour-rich plume, and is

continuing at the present day (February 2010). Ash clouds produced during the initial phase of

eruption were transported eastwards, depositing tephra across Chile and Argentina. Such depo-

sition across a continental area allows detailed mapping of ash distribution, potentially leading

1Much of the material in this chapter is published in Watt et al. [2009b], Journal of Geophysical Research.
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to insights regarding ash transport processes, important for the accurate calibration of ash dis-

persal and forecasting models [e.g., Folch et al., 2008], and environmental impacts [e.g., Martin

et al., 2009]. The possibility of mapping ash deposition over such a wide area is unusual, with

the few previous instances including eruptions at Mount St. Helens (1980; Carey and Sigurdsson,

1982), Hudson (1991; Scasso et al., 1994) and Ruapehu (1996; Bonadonna and Houghton, 2005).

This chapter summarises the results obtained through detailed mapping of the Chaitén ash de-

posit in Argentina, where the unit was thin and �ne-grained. Although volumetrically large, it is

this fraction of tephra deposits that is most rarely preserved and which is commonly very poorly

constrained in past eruption reconstructions.

5.1.1 Early stages of eruption

Using satellite imagery of the ash-rich eruption plume (MODIS; Moderate Resolution Imaging

Spectroradiometer; http://modis.gsfc.nasa.gov) and contemporary reports [Folch et al., 2008] a

summary of the direction of ash cloud dispersal during the early phases of the Chaitén eruption

has been produced (Figure 5.1).

Activity was most vigorous during the �rst week of eruption, beginning with an energetic phase

on 2nd May, for which contemporary reports estimate a column height of 15 km. The plume from

this episode was directed SE across the Andes, with sharp edges, before becoming more dispersed

and drifting northward towards the Argentinean city of Bariloche (Figure 5.1). This was followed

by a sustained explosive phase, with a lower column height (estimated at 10 km or less), beginning

on 3rd May. This phase formed a continuous, linear, sharp-edged plume, moving SE and travelling

beyond the Atlantic coast of Argentina (Figure 5.1). The intensity of this phase may have been

variable, but by 5th May a similarly continuous, linear plume had an easterly orientation, with

dispersed ash clouds reaching across the Atlantic Ocean and others drifting northward along the

Atlantic coast of Argentina. On these images ash deposition is visible on the ground, with a dense

grey coverage in the region around Esquel (Figure 5.1), arising from the 2nd May phase, but no

clear evidence of ground-deposition as far as Bariloche. Similarly, ground deposits of ash are visible

south of the 5th May plume, and are presumed to result from the 3rd�4th May plume. The edges

of these visible deposits are summarised on the map in Figure 5.1.

On 6th May the eruption entered a more intense but short-lived phase, with column height

estimates of up to 30 km, producing a cloud that drifted NE across the Andes, before spreading
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Figure 5.1: Ash cloud dispersal from the Chaitén 2008 eruption. MODIS satellite images are
shown from the 3rd and 5th May, 2008, with the cloud reaching across Argentina and far over the
Atlantic Ocean after three days of eruption. The grey patches on the ground beneath the cloud on
images are deposited ash. The map on the right has been produced using these images to provide
a summary of cloud distribution directions during the most vigorous stages of eruption.
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eastwards and then ENE across Argentina. A second burst later in the day resulted in similar

plume trajectories, and ash fallout the following day occurred as far as 1000 km from source

[Folch et al., 2008]. A further explosive phase, of unknown intensity, occurred on 8th May, with

transport directions corresponding closely to those of the 6th May. Extensive ash deposits from

the 6th�8th May episodes are seen on the 12th May MODIS image to reach the Atlantic coast

of Argentina. Explosive activity continued, but with much lower plume heights in the range of

2�5 km, throughout the following months. There is little evidence that this subsequent activity

resulted in measurable fallout in Argentina, except for minor ash-fall observed in the border regions

on 30th�31st May, and the volume of distal ash fallout in Argentina from this continuing activity

is considered negligible in comparison to the 2nd�8th May period.

5.2 Sampling methods

In order to measure and sample the distal ash deposit, �eldwork was conducted across a�ected re-

gions of Argentina between 30th May � 11th June 2008. Deposition patterns obtained from MODIS

images was used to guide sampling. Ash samples and thickness and mass-loading measurements

were taken at 227 sites transecting the deposit (Figures 5.2 and 5.3), with full site details provided

in Appendix G.

Heavy rainfall in mid-May had disturbed the deposit in places. In such locations, measurements

were taken in protected spots or by taking an average thickness across the site. At higher elevations

snowfall disturbed the deposit to a lesser extent. The ash formed a continuous surface crust at

thicknesses >0.5 mm; below this, wind erosion resulted in patchy preservation. There was clear

evidence in most areas of the in�uence of rain and wind erosion on the deposit, particularly where

the deposit was thinnest, and preservation here was restricted to sheltered pockets, such as pits

in rock or pieces of refuse. Care was taken at such sites to take measurements and samples from

such locations. In some cases a degree of accumulation had occurred in these sheltered spots

due to rain-washing, and in these cases an average site measurement was produced by estimating

the area of washing-in (in as many places as possible). Thus, while the deposit was no longer

pristine in many areas, because the removal or reworking of ash by wind and water action had not

been wholesale and by carefully selecting sampling sites it was still possible to take measurements.

Some winnowing of �ne particles, as well as some deposit compaction, may have occurred, though

the degree to which this may have taken place is not clear. Using these methods, the deposit
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Figure 5.2: Photographs of the distal ash deposit in May and June 2008 (taken between 30th May
and 10th June 2008, by N.E. Matthews). A (43.174°S, 71.753°W) Deposit 40 km south of Esquel,
showing continuous ground cover. In spite of wetting of the deposit, possibly by snowmelt, ash
has not been washed o� local topographic highs. B (43.173°S, 71.751°W) Continuous cover and
accumulation in grass, south of Esquel. C (42.949°S, 71.218°W) Sample collection near Esquel. D
(43.035°S, 70.588°W) Ash fall outlined around removed stone, 60 km east of Esquel. E (41.804°S,
70.795°W) Ground crusting of ash fall into two layers (possibly from 2nd and 6th May units)
near Ñorquinco. F (43.325°S, 70.896°W) Ground crusting of deposit 20 km north of Tecka. G

(42.321°S, 71.133°W) Ash washed around the base of stones, 30 km south of El Maitén. H (40.825°S,
65.375°W) Distal preservation in grooves of tyre, 40 km west of San Antonio Oeste, and 640 km
from Chaitén volcano.
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was mapped self-consistently to low ash thicknesses, adopting as a minimum criterion [cf. Martin-

Del Pozzo et al., 2008] an assigned thickness of <0.1 mm where ash was detectable only as a pale

dusting on sti� leaves. Both local people's estimates of fresh ash-fall thickness and that estimated

from coupled meteorological and dispersal models [Folch et al., 2008] correspond well with the data

obtained here. In some cases a discrepancy exists, with these measurements being slightly lower

than fresh thickness estimates. This is likely to be a result of closer particle packing and settling

of the deposit upon wetting by rainfall, resulting in a thinner, but denser deposit, when compared

to the fresh ash-fall.

5.3 Ash deposit analyses

Ash thicknesses have been plotted on isopach maps, showing lines of constant deposit thickness

(Figure 5.3). The mapping reveals a complex distribution pattern, corresponding closely to plume

transport directions during di�erent phases of the eruption. The deposit edges inferred from

MODIS satellite images (Figure 5.1) lie slightly outside the 0.1 mm isopach, validating the in-

terpretation that thin, fresh ash-fall units are observable remotely. This correspondence of the

mapped ash distribution with the edges of fresh ash-fall observed using satellite imagery indicates

that wind-driven remobilization and redeposition of ash had not a�ected the deposit over spatial

scales large enough to alter the primary distribution. When mapped, the measured thickness val-

ues show a highly self-consistent pattern, decaying with distance. This suggests that, in spite of

reworking and removal of ash in many locations, the approach of selecting sheltered localities and

taking site averages of thickness was valid. A more erratic pattern would be expected if removal,

redeposition and accumulation had a�ected the measurements to a signi�cant degree.

Individual eruption phases produced discrete ash units, which overlap in a complex fashion in

medial regions (<200 km from the vent). In more distal locations (>200 km from the vent), ash

fallout from discrete eruptive phases may be distinguished when transported over areas without

previous ash-fall (e.g., 3rd and 6th May; Figure 5.1). This complexity is the result of multiple

eruption phases occurring over a time period su�cient to encompass changes in wind conditions.

The total area enclosed by the 0.1 mm isopach is ∼1.7×105 km2. In comparison with previously

studied explosive eruption deposits, this is much larger than that of the Fuego 1974 deposit (∼

3 × 103 km2; Rose et al. [2008]), but comparable to the 1980 Mount St. Helens eruption (∼

3 × 105 km2; Sarna-Wojcicki et al., 1981, Bonadonna and Houghton, 2005). The 1 mm isopach
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Figure 5.3: Isopach map of the Chaitén distal ash deposit. Isopachs are drawn by hand and
extended to the approximate Andean watershed (288° longitude). Individual ash-falls are identi-
�able distally, for example from the 3rd (southernmost) and 6th May (northernmost), but in the
Argentinean border regions units overlap, with an additive thickness e�ect. Deposit edges, inferred
where possible from satellite images, correspond with and fall slightly outside the mapped 0.1 mm
isopach. The inset graph plots �eld measurements of mass-loading against ash thickness. The
linear relationship allows an estimation of deposit density, at 997 kg m-3.
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area (2.9×104 km2) suggests that the Chaitén eruption was an order of magnitude smaller than that

of Hudson, 1991 (1.1× 105 km2; Scasso et al., 1994). However, such thickness-based comparisons

should be treated with a degree of caution, since the measurements described here potentially

re�ect a degree of post-depositional compaction, and may not be directly comparable to fresh

measurements made for other fall deposits. Such comparisons may therefore slightly underestimate

the scale of the Chaitén eruption.

The bulk deposit density at the time of sampling, estimated from sites where weighed samples

were collected over measured areas, indicates a mean of 997 kg m-3 (Figure 5.3), and is within

the range expected for a rhyolitic ash-fall deposit. The fresh deposit (i.e. prior to rainfall) is

likely to have had a slightly lower bulk density than the deposit measured in the �eld. If the only

post-depositional change to the deposit is an increase in bulk density, then this does not a�ect the

mass or dense-rock-equivalent volume estimates. Therefore, quoting eruption size in terms of mass

and deposition in terms of mass-loading is more meaningful, and more readily transferable for the

purpose of inter-event comparisons, than magnitudes based on tephra thickness or volume alone.

5.3.1 Volume calculations

Using plots of the logarithm of ash thickness, T, against the square root of isopach area, A (Fig-

ure 5.4) ash-fall volumes have been calculated by integration [Pyle, 1989, Fierstein and Nathenson,

1992, Pyle, 1995]. On such plots, straight-line segments are de�ned by exponential decay, describ-

ing an exponential cone:

T = T0 exp
(
−kA0.5

)
(5.1)

where k is the line slope and T0 is the maximum deposit thickness. Integrating below the cone

to �nd V gives:

V = 2
(
T0/k

2
)

(5.2)

To account for multiple straight-line segments, resulting from increasingly rapidly decaying

proximal deposit thicknesses, a correction p is applied to each of N segments, deriving [from Pyle,

1995]:
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Figure 5.4: Isopach area against thickness plots. Straight line (exponential) segments are �tted,
with a power-law �t also shown for the 6th May deposit. Areas for the whole deposit were found
by closing mapped isopachs around the volcano location, while extrapolation of distal isopachs
distinguished the 3rd and 6th May deposits as separate units, such that the 6th May deposit
centres around a secondary maximum and the 3rd May closes around the volcano. More rapid
proximal thickening (a steeper line segment) is likely in all cases and is necessary to prevent the
3rd May segment, when extrapolated back, from projecting above the whole-deposit data.

pN =
2

k2
n+1

{
Tn+1 − Tx

(
1− ln

(
Tx
Tn+1

))}
− 2

k2
n

{
Tn − Tx

(
1− ln

(
Tx
Tn

))}
(5.3)

where n and n+1 represent values obtained from the line-segment at distances larger and

smaller than the break in slope, respectively, and Tx is the deposit thickness at the break in slope.

Thus, using T0 and k from the most distal straight-line segment, total deposit volume is:

V = 2
(
T0/k

2
)
+ p1 + . . .+ pN (5.4)

From Fierstein and Nathenson [1992] the volume inside a particular isopach of area A is found

using:

V =
(
2T0/k

2
)
{1− (kA+ 1) exp (−kA)} (5.5)

and a correction p must again be applied where necessary.

All the mapped isopach data can in this case be approximated by two or three exponen-

tial segments, as commonly observed for explosive eruption deposits [Pyle, 1989, Bonadonna and
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Table 5.1: Estimates of eruption volumes and magnitudes.
Whole deposit

(isopachs

closed)a

Whole deposit

(mapped

areab)

3rd May lobec 6th May lobed

Volume (exponential;

km3)e
0.17 0.15 0.05 0.03

Volume (power-law;

km3)e
- - - 0.04

Magnitude [Pyle,

2000]

4.24 4.19 3.69 3.54

Volume inside 0.1

mm isopache
0.16 0.14 - 0.03

Total grain size

mode(s) (mm)

- - 46 30; 115

Total grain size 98th

percentile (mm)

- - 320 435

aThese estimates are minimum values. An increased rate of proximal thickening is likely,

and, for example, a maximum deposit thickness of 1 m would increase the volume to

0.24 km3 and the magnitude to 4.37.

bIsopachs mapped to 288° longitude.

cIsopachs closed around volcano.

dEstimates based on deposit centred around the secondary maximum in Argentina, thus

not directly comparable to data calculated for isopach closure around the volcano.

eVolumes, in km3, can be converted to mass, in kg, by multiplying these values by 1012.

Houghton, 2005] (Figure 5.4). This leads to an estimate of 1.6× 1011 kg of ash deposited over Ar-

gentina, equivalent to a tephra volume of 0.16 km3 or a dense rock equivalent volume of 0.07 km3,

assuming a density of 2350 kg m-3 for crystal-poor rhyolite. Similarly, a minimum total tephra

volume of 0.17 km3 (Table 5.1; a mass of 1.7 × 1011 kg) is estimated. This estimate projects

the thickening rate derived from the mapped regions in Argentina to the volcano location but in

reality, based on observations elsewhere [Pyle, 1989, Bonadonna and Houghton, 2005], more rapid

proximal thickening is likely. For example, assuming proximal thickening to a maximum of 1 m,

based on events of similar magnitude, a total tephra mass of 2.4 × 1011 kg is produced, using

the same density for the proximal deposit as for the distal. Although the proximal thickening

rate is unconstrained, this estimation demonstrates the potential uncertainty in eruption volumes

produced using only distal data. Overall, this suggests that ∼70% of ash, by volume, produced by

the eruption fell east of 288° longitude, over Argentina and the Atlantic Ocean.

The 6th and 8th May eruptive phase, as described in Section 5.1.1, involved up to three short-

lived energetic explosions, with similar plume transport directions. The relative intensity of these

episodes is unclear, but the 8th May cloud may have drifted northward in mid-Argentina [Folch
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et al., 2008], rather than following the easterly direction of the 6th May (Figure 5.1). For simplicity,

this northern depositional lobe is referred to as the 6th May deposit. This produced a 0.1 mm

isopach extending up to ∼800 km from the volcano, which accounts for 22% by volume of the

mapped Argentinean ash-fall, forming closed isopachs around an isolated maximum ∼200 km NE

of Chaitén. This unit, mid-grey in colour, was distinctively coarser in mid-Argentina than the paler

deposit resulting from earlier eruption phases, and thinned (but did not �ne) towards the Andean

region. Given these �eld observations and the mapped isopach dispersion patterns, it is likely that

the isolated isopachs represent a secondary thickness maximum, rather than arising simply from

overlap with the 2nd May fallout, although this may have added complexity to the distribution.

If this is the case, more proximal thickening is likely to occur in the unmapped region towards

the volcano. Such a feature may arise from �ne-particle aggregation [Carey and Sigurdsson, 1982,

Brazier et al., 1983], resulting in a larger e�ective grain size, due to ash interaction with frozen or

liquid hydrometeors [Textor et al., 2006, Durant et al., 2008]. The less explosive 3rd May eruptive

phase produced 0.05 km3 of tephra, dispersed by strong winds (Figure 5.1) and depositing ash in

a sharp-edged linear lobe. The complex distribution of the 2nd May deposit, a�ected by later ash

overlap (Figure 5.1), does not permit its volume to be estimated.

From the volume estimations, <8% of the whole deposit volume lies beyond the 0.1 mm isopach,

increasing to 14% for the 6th May unit. This may re�ect a higher 6th May eruption column, but

is potentially an artefact of deposit overlap elsewhere, thickening distal ash-fall through repeated

or long-lasting deposition. These estimates are made on the basis of extrapolating the most distal

exponential segment. It is not clear whether thickness decay remains exponential at distances

beyond a few hundred km, since the grain size distribution may change very little at such distances,

with meteorological factors potentially having a signi�cant e�ect on particle sedimentation.

Athough a multiple-segment exponential decay model �ts the data for the whole deposit well

(Figure 5.4) and has a sound physical basis, with a maximum thickness decaying to zero, individual

units are not described by a single exponential segment. This may re�ect depositional complexities,

whereby multiple phases occur within an apparent single mappable unit, or changing controls on

particle settling and di�usion with changing distance, grain-size and Reynolds number [Ernst et al.,

1996, Bonadonna et al., 1998].

For tephra deposits with few distal data points the extrapolation of a proximal exponential

segment can produce volume underestimation [Bonadonna and Houghton, 2005], and a power-law
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relationship may better represent the deposit:

T = TPLA
−m/2 (5.6)

Here, TPL is a constant and m is the power-law coe�cient. Deposit volume is found using:

V = (2TPL/ (2−m))
(
C2−m −B2−m

)
(5.7)

where B is de�ned by the maximum thickness predicted from the exponential relationship,

such that B = (T0/TPL)− 1/m and C is the downwind distance limit of volcanic-cloud spreading,

assessed from satellite images [Bonadonna and Houghton, 2005].

As expected from its temporal and spatial complexity, a single power-law does not �t the whole

Chaitén deposit. However, a power-law curve �ts the 6th May unit (Figure 5.4; the inner-point

mis�t may be attributed to a lack of proximal data). Estimating downwind plume dispersion, C,

of 800 km, a volume 19% larger than that found using exponential segments is produced. Again,

it is unclear whether a single power-law would be expected to hold at the most distal locations,

where factors in�uencing fallout are likely to change. Problems also arise in this method through

the subjective selection of integration limits, particularly C, and the exponential segment method

is thus considered the most appropriate in this case, providing a good �t to the data and requiring

the fewest assumptions.

In summary, the estimated volumes and bulk ash density of 997 kg m-3 indicate a minimum

deposit mass of 1.7 × 1011 kg, or an eruption magnitude (de�ned as magnitude = log10(erupted

mass, kg) � 7; Pyle, 2000) of >4.2 (Table 5.1). This con�rms that Chaitén was the largest explosive

eruption globally since Hudson, 1991.

5.3.2 Deposit grain size

Grain size was measured for 140 samples by laser-di�raction size analysis, using a Malvern Mas-

tersizer 2000 with Hydro-MU attachment, with measurements assuming a refractive index of 1.52

and absorption coe�cient of 0.1. Replicate samples from 13 sites showed good reproducibility of

distribution shape and mode positions. Analyses of samples contaminated by dirt, recognizable

by containing anomalous coarse grain size modes, or with skewed size distributions resulting from

post-depositional erosion were rejected. Several samples showed bimodality and very few produced
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a smooth lognormal shape, with many unimodal curves being skewed or showing a shoulder on one

or both limbs, potentially indicating multiple populations within a single grain size distribution.

5.3.2.1 Unit characteristics and total grain size

Modal grain size, a precisely measurable parameter, generally una�ected by coarse particle con-

tamination, was used to construct isopleth maps, showing lines of constant grain size (Figure 5.5),

and based here on the modal (rather than maximum) grain size. For multi-modal distributions, the

coarsest mode was selected to produce isopleths. The various units distinguished correspond well

with mapped isopachs (Figure 5.3). The 6th May modal grain size trend shows exponential decay

with a single line segment (analogous to the plots used for isopach area; Figure 5.4). However,

without su�cient data from other units, this cannot be con�rmed as a general case. West of the 6th

May thickness maximum grain size increases as thickness decreases. In some of these medial areas

the 6th May modal grain size exceeded thickness, and the deposit was visible as scattered white

pumices up to ∼1 mm in diameter, lying on earlier ash-fall. The ubiquity of this feature in these

localities and the strong bimodality of grain size distributions in this region, with a prominent

�ne mode, indicates that this does not result from winnowing of �ne material. This demonstrates

that the overlap of deposits from di�erent eruption phases is one mechanism characteristic of the

Chaitén deposits that leads to multiple populations within a single grain size distribution.

The 6th May unit shows grain size bimodality, with modes at a stable ∼25 mm and at a coarser

value, which decreases steadily with distance from ∼300 mm, such that the modes merge in a

unimodal distribution ∼400 km from the volcano (Figure 5.5).

There are several possible explanations for this complexity in grain size distribution shape. One

is that, in addition to the buoyant column, a co-ignimbrite cloud may have been present during

individual eruption phases. This could give rise to tephra populations of di�erent granulometries,

in clouds at di�erent heights. However, such an explanation is not necessary to explain the complex

tephra dispersal pattern, since this is well accounted for by the changing wind conditions during

several days of eruption. Furthermore, there is not at present clear evidence from the region around

Chaitén for the occurrence of large-scale pyroclastic �ows su�cient to generate co-ignimbrite clouds

of su�cient size to produce this feature. Therefore, it is likely that the grain size distribution

complexities arise both from multiple deposit overlap and from �ne-particle aggregation processes.

For example, the 6th May deposit overlaps with those from earlier days in the medial region north
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Figure 5.5: Isopleth map and grain size distributions. Isopleths are drawn for modal grain size,
with sample sites marked as black dots. For bimodal distributions the coarser mode is used.
Isopleths are distinguished for the 3rd�5th and 6th May deposits, and for the remainder of the
deposit, resulting from complex deposit overlaps but dominated by the 2nd May fallout which,
with the 6th May, is far coarser than intervening ash-falls. The top inset plot shows ln(grain size)
against (area)0.5 for the 6th May isopleths, showing an exponential decay in coarse mode grain size.
The lower plots show grain size distributions for selected sites from the 3rd and 6th May fallouts, at
locations marked on the main �gure. The bimodality and distance-related decay for the 6th May
contrasts with the relatively stable unimodal character of the 3rd May. Curve E shows bimodality
due to overlap with �ner deposits in the border region, while curve H may su�er from both coarse
contamination and �ne-particle removal through wind erosion, a problem encountered in thinner
distal deposits. Locations marked x and y on the main map refer to Figure 5.8.
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Figure 5.6: Distal deposit total grain size distribution. Separate estimates have been made for the
3rd and 6th May units. Shaded maps, showing isopachs for these units, were divided into sectors as
shown, around selected points (black ringed circles), which were then used to estimate total distal
deposit grain size. Further sector subdivisions, by isopachs, are shown in the silhouettes. These
areas were used to weight each selected grain size distribution using an assigned thickness based
on the geometric mean of the enclosing isopachs.

of Esquel (Figure 5.1), and here some of the complexity of shape is due to this overlap. In addition,

the unit itself is the product of two or three similar explosive pulses, potentially introducing further

overlap-type complexities.

The �nest mode seen in the 6th May deposit may re�ect a di�erent process, of �ne-particle

aggregation. Both the stability of this peak with distance, remaining static at ∼25 mm, and its

�neness (e.g., when compared to the 3rd May deposit at similar distances) points to the possibility

that aggregation led to volumetrically large proportions of �nes falling out relatively early. Grain

size data identi�ed from the 2nd May deposit show similar features. In contrast, ash-falls from the

3rd�5th May are �ner and unimodal, �ning only gradually with distance, with a highly consistent

distribution shape and a mode, at ∼60 mm, coarser than the �ne mode of the bimodal units.

This suggests a sustained activity level from 3rd�5th May, with a lower column height than the

more intense 2nd and 6th May phases. Cloud height di�erences may explain the lack of a clear

aggregation-type signature in the 3rd�5th May deposits, if higher eruption clouds result in more

e�cient �ne-particle aggregation and scavenging through frozen hydrometeor interactions [e.g.,

Durant et al., 2008].
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Total grain size distributions (Figure 5.6) for the tephra deposited over Argentina have been

estimated for the 3rd May (15-2 mm isopach range) and 6th May (down to 0.1 mm thickness) units

by dividing the deposit into sectors around selected sites, a modi�cation of the method of Carey

and Sigurdsson [1982]. Given the wide coverage but relatively sparse distribution of mapped

data-points, particularly in the most distal regions, this method was selected over alternatives

[e.g., Bonadonna and Houghton, 2005]. Sectors were separated perpendicular to the deposit axis,

where possible at the midpoint of successive sites or at the nearest mapped isopach. Sectors were

then split based on isopachs, and each subdivision received a representative thickness using the

geometric mean of the enclosing isopachs. The product of subdivision-area and thickness gave a

weight to the grain size distribution of a particular sector, the sum of which then provided a total

grain size distribution estimate. The data con�rm a �ner 3rd May deposit, and show bimodality

in the 6th May fallout (Table 5.1).

With respect to respiratory hazard [Horwell and Baxter, 2006], both deposits have similar

total proportions of thoracic (<10 mm) material. For the 6th May this increases from 10% in the

border regions to 20% distally, and is generally 20�25% for other units, approaching 30% distally.

The respirable (<4 mm) proportion varies similarly, ranging from 5% in medial regions of the 6th

May unit to 15% in other distal areas, a similar proportion to that in Mount St Helens' 1980 ash

at comparable distances [Durant et al., 2009]. However, importantly for health concerns, locally

resuspended ash is likely to contain a greater proportion of �ne material than that estimated for

the whole deposit [Martin et al., 2009].

5.3.2.2 Post-depositional erosion

Winnowing of �ne material, by either wind or water erosion, may have a�ected the grain size

distributions of samples, even if such processes did not clearly alter the thickness measurements,

since any removal of material is likely to be selective towards the �nest particles. One feature of

these data, which suggests the collected samples are representative of the original material, lies

in the consistency seen in distribution shape over large areas, such as those for all samples of the

3rd May depositional lobe (Figure 5.5). In contrast, degrees of winnowing would be expected to

vary locally, depending on the particular environment from which a sample had been collected,

leading to di�erences in distribution shape between sites. In a few cases, predominantly from the

most distal locations, where sample collection had been most di�cult, such secondary alteration
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was immediately apparent from anomalous grain size distribution shapes, and these outliers were

removed from the analysis. Otherwise, however, winnowing processes do not appear to have altered

these samples signi�cantly.

Further evidence in support of this arises from sites in the Esquel region revisited in January

2009, seven months after the original �eldwork (Figure 5.7). Thicknesses had changed relatively

little during this time period, and by an approximately constant amount (i.e. similar absolute

reductions in thickness). As such, deposits originally measured at 3 mm thickness or more remained

largely intact as a continuous cover, with reductions of the order of 2 mm, but still forming a surface

crust. Thicker deposits, such as those near the Chilean border, originally measured at 10�15 mm,

had thus only decreased by a relatively small proportion (<20%). Originally thinner deposits had

mostly disappeared as a surface cover, with evidence remaining in sheltered localities, such as

around the base of large stones. For deposits originally measured at 1.5 mm or below, virtually all

evidence of the ash-fall had disappeared. In short, the ash-fall remained surprisingly persistent, in

spite of its extremely �ne-grained nature, wherever the original deposit thickness had exceeded a

few mm.

Unexpectedly, deposit preservation may have been aided by rainfall, since the ash was observed

to have commonly formed a cohesive surface crust, presumably on drying, o�ering a degree of

resistance to erosion. Hence, the early wetting of the deposit may in fact have helped its short-term

preservation. In some areas, low level ground plants had stabilized the deposit and incorporation

within the soil sequence had begun to occur. In spite of the semi-arid, frequently windy conditions

of the region, ground vegetation and surface crusting helped stabilize the deposit, and at thicknesses

above a few mm the ash-fall was not as ephemeral as might initially be thought.

Grain size measurements from the January 2009 samples con�rm that winnowing had not

occurred to a signi�cant degree in the seven-month period since initial sample collection (Fig-

ure 5.8). Samples collected from sheltered localities, showing a lack of internal structure, with a

locally-representative thickness and, in some cases, with surface crusting were deemed to be in

their original position. These showed no changes in grain size distribution. In contrast, where ash

was accumulated by run-o� (commonly showing �ne-scale laminations) the grain-size distribution

was narrowed, with a loss of �nes (Figure 5.8). The main process of deposit alteration in the region

(which had already occurred to some extent by the time of initial �eldwork) therefore appears to

be through water run-o� (and subsequent redeposition) accompanied by a loss of �nes. Deposits
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Figure 5.7: Photographs of the distal ash deposit eight months after eruption (taken 10-11th

January 2009 by D.M. Pyle). A (43.198°S, 71.583°W) Ash accumulated by water run-o� at road-
side, 40 km south-west of Esquel, showing laminations and anomalous thickening. B (42.969°S,
71.178°W) Continuous cover of ash amongst grass and ground vegetation, seen in freshly exposed
soil face, 20 km east of Esquel. C (43.176°S, 71.708°W) Continuous ground cover, with ash washed
o� inclined rock faces, 50 km south-west of Esquel, D (42.916°S, 71.167°W) Ash accumulated
around base of large rounded stone, and a �ne ground crust, 15 km east of Esquel. E (43.221°S,
70.842°W) Ash accumulation by water run-o� down an impermeable patch of asphalt, 20 km north
of Tecka. A ground crust remains around this patch. The map at the bottom right shows locations
for these photographs (red letters) and also those in Figure 5.2 (black letters). The location of
image H in Figure 5.2 lies 400 km east of the map edge.
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Figure 5.8: Erosional impacts on grain size distributions. Data are shown for two locations near the
Chilean border (x and y ; Figure 5.5), where thicknesses exceeded 1 cm. At each site sampling was
conducted initially on 5th June 2008, and subsequently on 11th January 2009. At site x the 2009
sample was taken 1 km east of the original location, from a deposit that appeared undisturbed.
The grain size distribution is unaltered from the 2008 condition. At site y the 2009 sample was
taken at the same location, from a water-accumulated, strati�ed deposit. The 2009 sample shows
the e�ects of grain size distribution alteration: a long, �at, �ne tail; a narrowed peak; and possibly,
in this instance, coarse particle contamination.

a�ected by this process were highly localized, commonly occurring around the edges of imperme-

able surfaces such as paved roads. Such locations were easily recognizable and were avoided during

sample collection.

5.4 Ash chemistry and potential impacts

Bulk ash compositional analyses, undertaken on four ash samples by X-ray �uorescence spec-

troscopy (at the Open University, Milton Keynes; see Chapter 2), and glass analyses on 219 points

from 15 ash samples by electron microprobe (Table 5.2), have been combined with compositional

data on the recent and previous eruptions of Chaitén [Naranjo and Stern, 2004, Horwell et al.,

2008]. Based on calculated CIPW norm compositions [Kelsey, 1965] and examination by electron

microprobe, the eruption was found to involve a weakly peraluminous rhyolitic melt, lacking phe-

nocrysts, with minor proportions of plagioclase and rarer biotite microlites, and with a mean glass

silica content of 74.5 wt% (Figure 5.9).

The distal ash lacked lithic and crystal particles, comprising variably vesicular pumice and glass

shards. Ash composition was relatively uniform, with very subtle chemical di�erences between

eruptive phases suggested by discrete domains within the overall compositional range, occupied by

samples from speci�c depositional lobes (Figure 5.9b). The ash has similar silica content to, but
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Table 5.2: Bulk ash and glass compositions.

05-07a 05-12a 05-20a 06-16b
05-

18B/14
30-

08/11
04-08/8 06-08/3 0707/13

Average (219 
points)

Longitude -43.17 -43.43 -43.59 -42.06 -43.53 -42.68 -43.16 -42.72 -42.51 -

Latitude -71.75 -71.56 -71.11 -71.16 -71.2 -71.03 -70.11 -71.73 -70.56 -

Source 
distance (km)

82 111 151 149 140 133 210 76 175 -

Ash thickness 
(mm)

18 9 6 3 10 3 0.5 1 0.4 -

Modal grain 

size(s) (µm)c 30,95 32,78 67 314,42 67 32 59 61,400 21 -

SiO2  73.78 71.06 72.85 73.86 74.49 75.05 74.44 75.01 74.04 74.5

TiO2  0.15 0.246 0.195 0.162 0.16 0.14 0.14 0.14 0.13 0.14

Al2O3 13.76 14.17 13.83 13.96 13.87 13.53 13.91 14 13.82 13.86

Fe2O3 1.51 2.23 1.79 1.59 - - - - - -

FeO* d - - - - 1.26 1.16 1.28 1.28 1.23 1.27

MnO   0.057 0.065 0.059 0.059 0 0.08 0.06 0.06 0.06 0.05

MgO   0.26 0.47 0.33 0.32 0.26 0.18 0.26 0.26 0.24 0.26

CaO   1.47 1.71 1.55 1.62 1.36 1.24 1.39 1.39 1.39 1.35

Na2O  4.08 3.91 4.01 4.14 3.64 3.51 3.73 3.69 3.6 3.61

K2O   2.93 2.71 2.86 2.94 3.01 3.08 3 3.06 3.09 3.03

P2O5 0.062 0.089 0.07 0.068 - - - - - -

L.O.I. 0.89 2.38 1.08 1.04 - - - - - -

Total 98.95 99.03 98.62 99.75 98.05 97.98 98.21 98.88 97.61 98.07

Rb 113 107 111 111 - - - - - -

Sr 145 161 152 153 - - - - - -

Y 13.4 16.8 14.4 13.7 - - - - - -

Zr 109 117 115 109 - - - - - -

Nb 7.8 8.1 8.4 7.7 - - - - - -

Ba 604 597 599 599 - - - - - -

Pb 19 19 21 20 - - - - - -

Th 11 12 13 12 - - - - - -

V 13 27 12 11 - - - - - -

Cu 4 22 13 5 - - - - - -

Zn 35 42 39 36 - - - - - -

Ga 13 14 14 14 - - - - - -

As 15 15 16 17 - - - - - -

c Main distribution peak listed first if bimodal.
d FeO*: Total Fe as FeO.

b Analyses by electron microprobe: beam diameter 10 µm, beam current 15 nA. Glass data given for five selected samples, with 
an average of all analyses.

a Measured by XRF at the Open University, Milton Keynes. Cr, Co, Mo, Ni, S, Sc, U were around or below the detection limit. 
Results were mostly within 2% of reference values for three standard materials for major elements, and within similar levels for 
four standards for trace elements, except for Zn and Pb (4%), Cu (6%) and Nb (9%).

Bulk asha Chaitén glassb

Major elements (wt%)

Trace elements (ppm)
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is more sodic and less potassic than, the ∼10 kyr Cha1 ash [López-Escobar et al., 1993, Naranjo

and Stern, 2004].

Rhyolites are rare in this portion of the southern Andean volcanic arc, the only regional tephra

of comparable composition being the eastward-dispersed Mic2 unit (Figure 5.9), identi�ed as orig-

inating from Minchinmávida, 20 km east of Chaitén [Naranjo and Stern, 2004]. However, this rock

composition is not typical of that produced by Minchinmávida, and the identi�cation of the source

volcano, based on a lack of the Mic2 tephra cropping out west of Minchinmávida, may not be

correct, with Chaitén as the alternative. Field mapping of the Cha1 and Mic2 tephra (Chapter 6

and Watt, unpublished data) suggest that, although compositionally similar, these eruptions were

an order of magnitude larger than the current Chaitén eruption. The only other documented re-

gional rhyolite is a sample from Yate [Mella, 2008], although again this is atypical of the volcano.

Thus, the rhyolite produced at Chaitén is unusual in a regional context, yet is the only magma

type produced in signi�cant volumes during the recognised activity of Chaitén.

The homogeneous compositional character of the current eruptive episode does not provide

evidence for the involvement of ma�c magma in the eruption, and its highly evolved nature may be

a result of long-term magma storage and melting of the granitoid basement, resulting in infrequent

eruptions of silicic magma. It remains unclear, however, why this situation is not encountered

at other regional centres. The Hudson 1991 ash [Gutiérrez et al., 2005, Kratzmann et al., 2009],

the product of the last large explosive eruption in the region, is far less evolved, with a broader

compositional range.

Comparison of incompatible trace element concentrations in the Chaitén ash with other south-

ern Andean volcanoes suggests distinct evolutionary paths for the Chaitén magma (Figure 5.9).

While the Rb data suggest a trend potentially consistent with fractionation of a melt similar to

those erupted at Hudson, Zr shows signi�cant di�erences, and the compositions are distinct from

the fractionation trend de�ned by volcanoes located between Chaitén and Hudson [Naranjo and

Stern, 2004]. These data again show a close similarity between the Mic2 tephra and Chaitén's

volcanic products, while other Minchinmávida volcanics do not correspond. The trace element

data are consistent with a model whereby signi�cant crustal assimilation occurred in the Chaitén

magma, through wholesale melting of Patagonian batholith granitoids. Major element data from

these granitoids [Pankhurst et al., 1999] are also consistent with such a process.

Following the method of Blundy and Cashman [2001], compositional norms of glass and bulk
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Figure 5.9: Ash compositional and chemical data. a scanning electron microscope image of pumice
from the 2nd or 6th May, collected 150 km from source. Inset shows plagioclase microlite (An29) in
the same sample. b Na2O against silica for glass and bulk ash from the recent Chaitén ash, showing
Cha1 and Mic2 (from Minchinmávida volcano) for comparison [Naranjo and Stern, 2004]. The glass
forms a single compositional group, but the 3rd May data covers a discrete domain within this,
suggesting slight compositional di�erences between eruption phases. c-d Rb and Zr against silica
comparing the ash with regional volcanics (Cay, Corcovado, Hudson, Maca, Melimoyu, Mentolat
and Yanteles) containing >60 wt% SiO2 and older Chaitén rocks [Notsu et al., 1987, Kilian and
López-Escobar, 1991, López-Escobar et al., 1993, D'Orazio et al., 2003, Naranjo and Stern, 2004,
Gutiérrez et al., 2005], and local samples of the Patagonian batholith (from Futaleufú and Palena
[Pankhurst et al., 1999]). e Glass compositions plotted on the granitic ternary diagram (method
from Blundy and Cashman [2001]), and compared with the Cha1 composition. The data suggest
equilibration at pressures corresponding to magma chamber depths of 3�6 km. f FeO* (total
Fe as FeO) against silica comparing the Chaitén glass with that from the compositionally-mixed
Hudson 1991 eruption [Kratzmann et al., 2009] and compositions of modern Patagonian top soils
and aeolian dust [Gaiero et al., 2007].
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ash, plotted on the granitic ternary diagram (Figure 5.9), are consistent with magma equilibration

under water-saturated conditions at ∼100�200 MPa, or ca. 3�6 km depth, where dissolved water

content of up to 6 wt% [Tamic et al., 2001] may explain the high eruption explosivity. Earthquakes

recorded beneath Chaitén in 2005 at ∼10 km depth [Lange et al., 2008] may thus correspond to

deeper magma chamber replenishment, precursory to the eruption.

From the volumes lying beyond our mapped isopachs, ∼5% of the ash (9×109 kg) fell over the

Atlantic Ocean, mostly of grain size <50 mm. Eruptions of this magnitude are potentially recorded

in Argentine shelf sediments, and are periodic contributors to the Antarctic and Southern Ocean

dust budget [McConnell et al., 2007]. Comparison with Patagonian dust (Figure 5.9), for which

Andean volcanic ash of the more common andesitic composition forms an important component

[Gaiero et al., 2007], shows that rarer rhyolitic ash, such as that from Chaitén, is a minor dust

component. The low iron content of Chaitén glass (<1 wt% FeO) suggests this ash would have

had a minor impact on nutrient-limited portions of the Southern Ocean [cf. Martin et al., 1990] in

comparison to large explosive andesitic eruptions.

5.5 Summary and conclusions

The measurements and analyses described here provide the �rst �eld-based estimates of the vol-

ume and magnitude of the Chaitén 2008 eruption. The mapped distribution of the ash deposit

re�ects the dominant features of the wind-�eld during the most intense, week-long episode of the

eruption. The pattern observed can be used to de�ne separate eruptions units, which, although

compositionally highly uniform, have distinctive granulometric characteristics. Grain size distri-

butions can be used to elucidate both transport and depositional processes, related to factors such

as changing column height, eruption intensity and plume water content. The complexity observed

is a direct result of the duration of the eruption (i.e. lasting several days), ampli�ed due to its

sporadic nature, in terms of variable explosive intensity de�ning a multi-phase event.

In summary, ∼1.6×1011 kg of ash (dense rock equivalent volume of ∼0.07 km3) was deposited

over ∼2× 105 km2 of Argentina during the �rst week of eruption. The minimum eruption magni-

tude, estimated from the mass of the tephra deposit, is 4.2. The more energetic eruption phases

have a bimodal grain size distribution, providing evidence of particle aggregation processes. Ash

chemistry was uniform throughout the early stages of eruption, and is consistent with magma

storage prior to eruption at depths of 3�6 km. The aphyric rhyolitic magma produced is highly
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similar to that erupted previously at Chaitén.

Although it has been widely stated that the recent Chaitén activity has been the �rst since the

Cha1 eruption [Folch et al., 2008, Carn et al., 2009, Castro and Dingwell, 2009, Lara, 2009], if the

source of the Mic2 tephra [Naranjo and Stern, 2004] has been mis-identi�ed (i.e. it originated from

Chaitén), then this would suggest more recent activity (<4 kyr). This is further supported by a

�eld section located a few km west of Chaitén volcano, examined in January 2009 and exposed

following a recent landslide. Here, at least four pyroclastic units, containing rhyolitic pumiceous

material, were identi�ed. Although this sequence remains undated and uncorrelated elsewhere,

it does suggest that Chaitén may have been more active during the Holocene than previously

recognised.

The volume and magnitude parameters derived here are signi�cantly smaller than some esti-

mates made based on column height observations and simple assumptions about eruption duration

[e.g., Folch et al., 2008], and demonstrate the importance of �eld sampling in producing accurate

estimations of eruption parameters. Since eruptions of this magnitude are relatively rare, partic-

ularly in depositing tephra over land, investigations such as this one provide data useful for the

understanding of tephra production and transport processes. One application for such data is in

constraining and testing tephra fallout models [e.g., Searcy et al., 1998, Connor et al., 2001, Folch

and Felpeto, 2005], which seek to predict the impact and distribution of tephra deposition from

explosive eruptions. It is important that such models produce accurate results if they are to be

used to help mitigate the impacts of explosive eruptions.

The complexity of the ash dispersal pattern arising from the Chaitén 2008 eruption is a result

of a changing wind �eld during a week-long main eruption period. Variability in wind and trans-

port direction over this timescale may be a relatively common process a�ecting tephra plumes,

particularly if column height is variable. However, temporal and spatial variability in wind pat-

terns can be computationally di�cult to reproduce in tephra transport models. It is possible to

investigate the behaviour of tephra fallout models using an inversion approach, based on �eld data,

to investigate the input parameters that best produce the observed depositional pattern. Testing

the accuracy of these input parameters against observations can then be used to understand and

improve the modelling process. An example is provided (Figure 5.10), using the distal �eld data

obtained in this study. This has been produced using Tephra2 [Connor et al., 2001, Bonadonna

et al., 2005], which uses an advection-di�usion model to forecast the transport and sedimentation
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Figure 5.10: Modelled tephra dispersion patterns. The results are based on an inversion of the
�eld data to �nd the model input parameters that best �t the data. The map shown is the result
of a forward model, using these parameters. The Tephra2 model was used, and the eruption data
was divided into three phases (3rd May, 6th May and remainder) to account for the wind-�eld
complexities. The �t of the modelled data to the �eld data (deposit thickness) is shown in the
inset plots (a perfect �t would follow the diagonal).
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of volcanic particles. In producing this result, separate phases of the eruption have been modelled

individually, during which column height and wind-�eld varied. The complexity of the Chaitén

deposit meant that it could not be modelled as a single eruptive episode, due to the changing

wind �eld. In general, however, the parameters produced (i.e. volume) are of similar order to

those estimates derived directly from the �eld data. More detailed testing may be used to better

constrain the particle transport modelling, particularly using data such as the deposit grain size

distributions, which can be used to understand the dispersal of a particular size fraction.

The complex nature of the Chaitén tephra deposit further highlights the importance of con-

straining the distal ash fraction if accurate assessments of eruption parameters are to be made from

�eld-based measurements. Past-event reconstruction often relies only on proximal deposit mea-

surements, �tted with elliptical isopachs (and an implicit assumption of a single eruption phase).

Commonly, only proximal measurements are available, since the distal portion of the deposit is

rapidly eroded and rarely preserved as a measurable unit. In such cases a simple elliptical �t is

the best that can be used (e.g., Chapter 6). However, this work makes clear that extrapolating

proximal data to obtain estimates of eruption parameters may be highly imprecise, but that the

error involved cannot be constrained without information regarding the dispersal pattern of the

unit, which must be inferred from the distal deposit. The distal portion of the Chaitén tephra

in Argentina, all at thicknesses below 2 cm and with a medium-ash maximum grain size, is volu-

metrically large and spatially complex but is likely to be very sparsely preserved. Mapping of the

unit based simply on the proximal deposit, which would show a relatively wide angle of dispersion,

and then assuming elliptical isopachs would be likely to signi�cantly overestimate the eruption

magnitude.
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Chapter 8

Earthquakes and volcanism in the

southern volcanic zone1

8.1 Introduction

Earthquakes and volcanic eruptions are among the most dramatic and rapid processes a�ecting

Earth's surface, with the potential to generate devastating human and environmental consequences.

Over broad spatial scales a clear relationship exists between these phenomena, explained by plate

tectonics. As such, the locations of volcanic arcs are associated with regions characterised by

large earthquakes, with both resulting from subduction processes. On small temporal and spatial

scales, seismic activity directly associated with the magmatic system represents an integral part

of volcanic activity, and earthquakes resulting from magmatic movement, accompanying volcanic

unrest, are detectable locally. However, on scales beyond a single volcanic system, it is not clear

that invididual occurrences of large earthquakes and volcanic eruptions are linked, in that the

occurrence of one may precipitate the other. Here, I investigate potential evidence of such a

relationship between large subduction zone earthquakes and volcanic eruptions in Chile, using

historical earthquake and eruption records.

The Chilean plate boundary and adjacent Andean southern volcanic zone (SVZ) represent an

ideal area to study relationships between volcanism and earthquakes. For around 3200 km of the

Chilean coastline the Nazca plate is subducted beneath the western edge of South America along

a straight north-south margin. Subduction is oblique and proceeds at approximately 8 cm yr-1

1Much of the material in this chapter is published in Watt et al. [2009a], Earth and Planetary Science Letters.
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This chapter is an updated version of: Watt, SFL, DM Pyle, TA Mather, 2009. The influence of Great Earthquakes on 
volcanic eruption rate along the Chilean subduction zone. Earth and Planetary Science Letters 277(3-4), 399-407,doi: 
10.1016/j.epsl.2008.11.005, which was published by Elsevier, and which is available at http://dx.doi.org/10.1016/
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[DeMets et al., 1994]. The SVZ runs along the southern 1400 km of this margin, from 33.4°�45.9° S,

and contains over 60 volcanoes considered to have been active in the Holocene [Siebert and Simkin,

2002-]. The plate boundary between these latitudes is characterised by extremely large thrust

earthquakes, and includes the largest event recorded in modern times, the MW 9.5 earthquake of

22nd May 1960 [Barrientos and Ward, 1990, Cisternas et al., 2005].

8.1.1 Previous work

Anecdotal evidence suggestive of large earthquakes triggering subsequent volcanic eruptions ex-

ists from the SVZ. The possibility of a relationship was noted by Darwin [1840] following the

1835 earthquake that devastated the city of Concepción. Darwin experienced the earthquake and

observed its e�ects during the Beagle voyage, and summarised several reports of subsequent vol-

canic eruptions throughout the region [Darwin, 1835]. A further eruption, often cited as a possible

earthquake-triggered event [e.g., Barrientos, 1994, Lara et al., 2004b, Manga and Brodsky, 2006], is

that of Cordón Caulle volcano, Chile, 38 hours after the 1960 Chilean earthquake. Such instances

have stimulated previous investigations of earthquake triggering of volcanic eruptions.

Seismic activity can elicit a variety of dynamic crustal responses, including triggered remote

seismicity [Hill et al., 1993], hydrological responses [e.g., Brodsky et al., 2003, Montgomery and

Manga, 2003] and magmatic activity [Linde and Sacks, 1998, Hill et al., 2002, Manga and Brodsky,

2006, Harris and Ripepe, 2007, Walter and Amelung, 2007, Walter et al., 2007], in some cases at

distances far in excess of the source-fault dimensions. As a trigger of volcanic eruption, seismic

activity has been postulated to operate on a range of timescales [e.g., Linde and Sacks, 1998,

Nostro et al., 1998, Marzocchi, 2002], but the precise mechanisms of seismic volcanic eruption

triggering, particularly at distances far from the rupture zone, remain enigmatic. Furthermore,

demonstrating conclusively the occurrence of triggered eruptions on timescales beyond a few days

has proven di�cult, and a suggested interaction may thus appear speculative. Linde and Sacks

[1998] investigated the relationship between large earthquakes and volcanic eruptions, and found

that for great earthquakes (M > 8) a far larger proportion of eruptions occurred in the 24 hour

period immediately following the earthquake than would be expected if no relationship existed.

They concluded that rapid triggering could occur on the timescale of one or two days, and for

earthquakes of this magnitude, at distances of up to 750 km from the earthquake epicentre. They

did not �nd evidence for triggering on longer timescales, or for the reverse interaction (volcanic
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triggering of large earthquakes).

In regions close to the fault rupture static stress changes in rock surrounding stored magma,

associated with movement along the earthquake fault plane, may explain eruption triggering. Wal-

ter and Amelung [2007] use such a process to suggest that triggering may occur on timescales of

months to years in the vicinity of a large earthquake rupture zone. The magnitude of static stresses

decays rapidly with distance r, as r -3. At greater distances, dynamic stresses, associated with the

passage of seismic waves, are often cited as a possible eruption trigger [e.g., Linde and Sacks,

1998]. Dynamic stresses decay more slowly with distance than static stresses, approximately as

r -1.66 [Manga and Brodsky, 2006]. These explanations focus on seismic wave interactions with

crustal �uids, causing �uid movement, disruption or bubble growth through a variety of possible

mechanisms leading to magmatic overpressure, but the timescale of such responses is poorly un-

derstood. Where studies have identi�ed examples of seismically-triggered phenomena they have

focussed on occurrences immediately following an earthquake (e.g., within a few days), where the

suggestion of a causal link is straightforward. However, without an agreed causal mechanism or

careful analysis of event records this, and similar examples, might be dismissed as coincidences.

Linde and Sacks [1998] used a systematic examination of global earthquake and eruption data-

sets to demonstrate that rapid eruption triggering did occur. This relationship was quanti�ed by

Manga and Brodsky [2006], who showed that 0.4% of explosive volcanic eruptions occur within a

few days of large distant earthquakes; a much larger proportion than expected (0.01�0.1%) if there

were no causal relationship.

Although these prior studies did not �nd evidence for triggered response times longer than

about �ve days, this does not necessarily mean they do not occur. It might be expected that

eruptions triggered after a longer delay will be less frequent than those triggered within days

of an earthquake, with potential variability between arc settings. Thus, such events may not

be detectable above the natural background variability of eruption rate in global data sets, as

studied by Linde and Sacks [1998], and in addition, certain regions of the globe appear to display

earthquake triggered eruptions far more than others [Eggert and Walter, 2009]. Hydrological

observations of wells have shown persistent pressure responses following distant earthquakes, but in

some cases the response is delayed by several weeks, and is of a magnitude that cannot be explained

by static stress changes alone [Brodsky et al., 2003, Montgomery and Manga, 2003]. Similarly,

interaction with crustal magma bodies may not be manifested as surface activity (eruption) for
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timescales of months or more. Mechanisms involving near-�eld static stress changes have been

highlighted by Walter and Amelung [2007], who note that following four MW ≥ 9 subduction

zone earthquakes a number of adjacent arc volcanoes erupted in the following three years, while

Marzocchi [2002] suggests that there is a relationship between earthquakes and the largest volcanic

eruptions operating on a timescale of up to 35 years. However, while individual instances of

delayed triggered eruptions have been proposed, demonstrating whether a general relationship

between earthquakes and eruptions exists on timescales longer than a few days has proven di�cult.

Examination of data from individual seismically-active volcanic regions, rather than a global data

set, may help elucidate such relationships by investigating the e�ects of large earthquakes in a

single setting.

8.2 Event records

8.2.1 Earthquake records

The dates of large earthquakes along the Chilean subduction zone are relatively well documented

from the 16th century onwards [Lomnitz, 1970, Kelleher, 1972, Comte et al., 1986], although there

are some uncertainties regarding magnitude and fault rupture length in the earlier parts of this

record due to sparsely distributed damage reports. Table 8.1 shows a record of all earthquakes

along the plate boundary with estimated moment magnitudes, MW, greater than approximately

7.5. There is general agreement in the literature as to which were the largest events (MW ≥ 8),

hereafter termed `great earthquakes'. These main ruptures dominate subduction zone convergence

and regional crustal deformation [Klotz et al., 2001]. Events of this magnitude present the most

likely candidates for producing an eruption response, since their rupture lengths (> 150 km) greatly

exceed the typical spacing of local arc volcanoes (approximately 25 km), and several volcanic

centres are potentially a�ected.

The great earthquake record shows a remarkably well-de�ned cyclicity (Figure 8.1), with main

ruptures generally propagating southwards from the epicentre, and stepping southward along the

subduction zone in a temporally clustered pattern, as adjacent locked segments are seismically

loaded [e.g., Li and Kisslinger, 1984]. This cyclic pattern has been noted numerous times [e.g.,

Kelleher, 1972, Lomnitz, 1985, Nishenko, 1985]. Although repeat times show a high degree of

consistency, the rupture length and magnitude of events is more variable, with some smaller `great
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Table 8.1: Chilean main ruptures between 32° and 46° S

Date Epicentre Estimated
rupture length

(km)

Estimated
MW

a

8 Feb 1570 36.7°S 73.0°W 280 8�8.5
17 Mar 1575b 32.5°S 71.5°W 110 ? 7.5
16 Dec 1575 39.8°S 72.8°W 800 >8.5
13 May 1647 32.9°S 71.3°W 380 8.5
15 Mar 1657 36.7°S 73.0°W 390 8
8 Jul 1730 33.1°S 72.0°W 560 >8.75
24 Dec 1737 39.8°S 73.0°W 530 7.5�8
25 May 1751 36.7°S 73.0°W 440 >8.5
19 Nov 1822 33.1°S 71.8°W 220 8.3
20 Feb 1835 36.6°S 73.0°W 440 8�8.3
7 Nov 1837 40.0°S 73.0°W 630 >8
17 Aug 1906 33.0°S 72.0°W 330 8.3
1 Dec 1928 35.0°S 72.0°W 140 8.2
25 Jan 1939 36.3°S 72.3°W 190 8.0
22 May 1960 39.5°S 74.5°W 940 9.5
4 Mar 1985 33.2°S 71.9°W 170 8.0
aMagnitude estimated from data in Lomnitz [1970, 1985], Kelleher

[1972], Nishenko [1985], Comte et al. [1986], Cisternas et al. [2005],

Okal [2005].
bConsidered a great earthquake by Comte et al., 1986, the event �ts

well with the seismic cycle, though contemporaneous reports provide

very little information on damage.
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Figure 8.1: Historically recorded large earthquakes (MW > 7.5) and volcanic eruptions in central
and southern Chile, shown by latitude, with event occurrence through time. The left panel shows
main ruptures (MW > 8) and intercyclic events as horizontal lines, with epicentres and approximate
rupture lengths. Earthquake occurrence shows a cyclic temporal clustering and broad southward
stepping pattern. Reliably recorded volcanic eruptions are also depicted. Eruptions from a few
centres dominate the record, and those in the far south of the region appear to be underrepresented.
The map shows approximate limits of plate boundary segments, corresponding to the Central Chile
(1), Central Valley (2), and Southern Nazca (3) rupture zones [Lomnitz, 1970, 1985]. The 1906
and 1960 rupture zones, with epicentres, are also shown. Named volcanoes are discussed in the
text.

earthquakes' thought to only partially release seismic strain, themselves being intercyclic to much

larger events [e.g., Comte et al., 1986, Cisternas et al., 2005, Moernaut et al., 2007]. The cause of

plate boundary segmentation, de�ned by the limits of great earthquakes ruptures, may relate to

physical features on the subducting plate and variable coupling at the plate margin. For example,

the boundary between the Central Valley and Southern Nazca zones (Figure 8.1) may be related

to subduction of the Mocha fracture zone [Herron, 1981, Hackney et al., 2006]. Subduction of the

Juan Fernández seamounts may be related to the onset of the volcanic gap north of the SVZ [e.g.,

Von Huene et al., 1997].
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8.2.2 Eruption records

A record of all historical SVZ volcanic eruptions has been compiled from Siebert and Simkin [2002-]

(Appendix H), rejecting all events where uncertainty exists over the authenticity of the record or

the year of eruption. Of 325 eruptions listed since 1558, 63 are rejected for these reasons, leaving

262 eruptions from 25 volcanoes. The number of historically recorded eruptions is widely variable

between volcanoes, with some centres appearing to dominate the record, and many volcanoes

characterised by clusters of eruptions on decadal timescales (Figure 8.1).

Previous workers investigating earthquake-triggered eruptions (see Section 8.1.1) have rejected

small or non-explosive events (Volcanic Explosivity Index, or VEI, < 2; [Linde and Sacks, 1998,

Manga and Brodsky, 2006, Walter and Amelung, 2007]). This approach is not taken here, primarily

because the VEI is uncertain for most events beyond the recent past, and to reject all eruptions

of uncertain magnitude would make the eruption catalogue too small for any meaningful study.

Furthermore, my interest lies not only in explosive events, but in any activity that may contribute

to arc-wide �uctuations in rates of volcanism. Filtering of small eruptions would remove records

from some volcanoes that have gone through periods of persistent but low-level activity, such as

Villarrica. While such volcanoes may appear to dominate the eruption record (Figure 8.1), they are

more likely to have magma-�lled plumbing systems than dormant volcanoes, and should therefore

be ideal candidates for showing responses to external forcing. This is suggested, for example, by the

seasonal response to earth-surface deformation observed in small and near-continuous eruptions

of Sakura-jima, Japan [Mason et al., 2004a]. Thus, while explosive eruptions at long-quiescent

volcanoes may provide the most compelling individual cases of potentially earthquake-triggered

eruptions, it would be unwise to reject smaller eruptions, which may hold more potential for

providing evidence of arc-scale magmatic disturbance following great earthquakes.

The parameter measured in the volcanic records is eruption occurrence, and not magnitude.

While this is an imperfect measurement of the rate of volcanism, it is the only viable parameter

given the variable detail on eruption scale in historical records. Eruptions are measured by their

onset date, and with an assumption of short duration in comparison to the inter-eruption time

period, they form point events in time. Thus, eruption length is also not accounted for, and

signi�cant changes in behaviour during eruption (potentially a result of remote seismic interaction)

are therefore not included in this record; in any case, such data are sparsely available. Of the 262

dated eruptions in the �nal catalogue, the month of onset is known for 182 (69% of the total),
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and the day for 146 (56%). Each eruption is recorded by a decimal onset date, and shown by date

and latitude in Figure 8.1. For eruptions where the exact onset date is unknown the midpoint of

the smallest time interval for which the event can be dated is taken, following Bebbington and Lai

[1996]. To avoid clustering artefacts, if two or more events are given the same date by this process

(e.g., two events occurring in the same year at unknown dates) the data are then spread evenly

across the relevant time period. If eruptions with unknown onset month coincided with the year

of a great earthquake then they were removed entirely from the analysis, since it is not clear if

they preceded or post-dated the earthquake.

Assuming a long-term constant rate of eruption cccurrence on the arc-scale over time periods of

decades to centuries, a cumulative plot o�ers a simple assessment of the period for which the record

is approximately complete (Figure 8.2). The linearity of this cumulative plot suggests that from

around 1850 onwards long-term eruption occurrence has been constant, or at least that the rate at

which eruptions went unrecorded did not change. Recording of eruptions in recent times is likely

to be almost complete, and Figure 8.2 thus suggests that the eruption catalogue is approximately

complete after 1850. Prior to this time many eruptions are presumed to have occurred for which

records do not exist. However, the dating of events that are recorded improves only slightly over

time, with the onset day known for 59% and the month for 73% of the 206 eruptions since 1852.

Even in the period since 1970 the onset day is still recorded for <90% of eruptions. The long-term

rate de�ned by Figure 8.2 is 1.32 eruptions per year.

8.2.3 Record bias and interpretation

Historical records of earthquakes and eruptions must be examined with caution. By their nature

both are notable phenomena, but especially so when endangering human life or property, and

thus their recording is often sporadic. In particular, following great earthquakes, there may be

a heightened awareness of other geological phenomena, including volcanic eruption [e.g., Simkin,

1993]. Confusion and anecdotal evidence can lead to bias in the record, if not the misreporting

of events. When looking for relationships between these processes, it is particularly important

that doubtful reports are not included in the analysed records. Furthermore, to focus on any one

individual eruption following a great earthquake as evidence of a causal relationship is mislead-

ing. Such coincidences would be expected (in limited numbers) for any independent stochastic

processes. Thus, by examining event records, as in this method or that of Linde and Sacks [1998],
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Figure 8.2: Cumulative plot of historically recorded volcanic eruptions in the SVZ. Assuming an
constant long-term rate of eruption occurrence, the record is taken to be complete after 1850
(shown by grey dashed line).

any individual eruption cannot be identi�ed statistically as having been triggered by a preceding

earthquake. Therefore, the identi�cation of a particular eruption as an example of triggering re-

mains speculative, and for this reason I consider changes in arc-wide eruption rates rather than

listing individual eruptions as triggered events [e.g., Walter and Amelung, 2007]. Di�culties of

these types are well illustrated by the following examples.

Perhaps the most cited reports suggestive of earthquake-triggered volcanism are those of Darwin

[1840] [Linde and Sacks, 1998, Manga and Brodsky, 2006, Walter and Amelung, 2007], following

the 20th February 1835 Concepción earthquake:

A few days after the earthquake, several volcanos within the Cordilleras, to the

north of Concepcion, though previously quiescent, were in great activity. . . During

the remainder of the year, the whole of the volcanic chain, from Osorno to Yan-

tales. . . exhibited, at times, unusual activity.

Much of Darwin's record is based on secondary sources, and some eruptions, such as that of Antuco

[Darwin, 1835] he later declares doubtful [Darwin, 1840]. To the north of Concepción, erupting

volcanoes are described by Caldcleugh [1836], though his sources are unclear and are not corrob-

orated elsewhere. Reports suggest activity in the Descabezado-Azul system and at Tupungatito.

These are unlisted or declared uncertain by Siebert and Simkin [2002-] and so are excluded from
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the analysed records, while only the year is known for the activity at Planchón. Of the listed

volcanoes to the south, eruption reports at Corcovado and Yanteles (based on the disappearance

of snow or the appearance of dark patches) and concomitant eruptions at Corcovado and Osorno

later in the year, are doubtful or unlisted by Siebert and Simkin [2002-]. Osorno and Minchin-

mávida were already in a state of eruption before the earthquake, but are stated as exhibiting

renewed vigour. Of these, only Minchinmávida is listed as having a reliable eruption record by

Siebert and Simkin [2002-] corresponding to the earthquake date. However, since the volcano had

started erupting three months before the earthquake, in November 1834, after nearly a century of

quiescence, this is not a clear candidate for an earthquake-triggered event; the 1835 record may

simply be a result of heightened awareness of geological activity following the earthquake. In spite

of this, the example of Yanteles and Minchinmávida are listed as an earthquake-triggered eruption

pair by Linde and Sacks [1998]. This is not to say that Darwin's accounts are incorrect, but based

on the information given in reports from the time, nearly all of the volcanoes mentioned in his

records cannot be included in the �nal catalogue due to uncertainty over the type of activity or

report veracity. Indeed, to quote FitzRoy [1839], following the same earthquake:

As to the state of neighbouring volcanoes, so various were the accounts of their

action, both after and before the earthquake, that I had no means of ascertaining the

full truth.

It is of interest to note, however, that the four erupting volcanoes south of Concepción listed by

Darwin [1840] as erupting after the earthquake are at latitudes well beyond the rupture limits,

Minchinmávida being approximately 500 km outside the rupture zone.

The above discussion illustrates the di�culties in interpreting the historical record, but also

demonstrates that individual eruptions can only ever be identi�ed as potential examples of trig-

gered events. For example, Tupungatito, listed by Walter and Amelung [2007] as one of four

volcanoes that erupted within a year of the May 22nd 1960 Chilean earthquake, certainly rep-

resents a candidate triggered eruption. However, in spite of the volcano's relatively infrequent

activity, any stronger assertion is di�cult to argue, given that it entered a new eruptive phase in

1958 after 12 years of quiescence, and erupted twice in 1959 before erupting again two months

after the 1960 earthquake.

By removing events from the record for which there is uncertainty over occurrence or timing,

and by only examining in detail the record for which the long-term eruption rate is constant
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(Figure 8.2), I aim to avoid erroneous reports and record bias. Furthermore, the focus of this

analysis is on changes in arc-scale eruption rate, and is not an attempt to explicitly indentify

individual triggered eruptions, which would not be justi�ed by the data available.

8.3 Event Analysis

From Figure 8.2 it is assumed that the eruption record is complete since 1850. To compare eruption

rate since this time with the timing of great earthquakes requires a measure of short-term eruption

rate on the arc scale. This is based on eruption incidence, and does not account for magnitude

or duration of eruptions. The hypothesis being investigated is whether great earthquakes lead

to an eruption rate increase on a timescale greater than a few days. Thus, in order to verify, or

otherwise, whether an increase in eruption rate occurs after great earthquakes, the eruption rate

measurement in any time increment must be based upon the timing of recent prior eruptions,

rather than future events. In this way, any abrupt increase in eruption rate will be shown at its

real time position, rather than arti�cially early. To achieve this, a rectangular window was passed

across the full eruption records, with a minimum span of 12 months. Due to the poor quality

of some data, in terms of eruption date, a more complex or narrower window was not chosen.

This method has the advantage of producing data that are readily interpreted as being equal to

the number of eruptions in the window-width period prior to that time point. This measure is

not necessarily equal to the number of active volcanoes in that time period, since the �gure may

include two or more eruptions from a single volcano. Wider windows smooth the record and show

longer-frequency variations, but arti�cially spread these variations along the time axis, though

the onsets of rate increases appear at their real time. The �lter was run with various widths,

and results are presented in Figure 8.3 for three cases: 1850�present with a 12-month window

(Figure 8.3a); 1850�present with a 3-year window (Figure 8.3b); and analysis of the incomplete

pre-1850 eruption records with a 12-month window (Figure 8.3c).

8.4 Discussion

8.4.1 Eruption rates

Figure 8.3a shows that the eruption rate in the SVZ has �uctuated widely. However, two outly-

ing maxima occur where the eruption rate is signi�cantly increased above the norm. These two
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Figure 8.3: Arc-scale volcanic eruption rates. Great earthquake timing and rupture lengths are also
shown as vertical lines from top (right hand axes). Sharp eruption rate increases occur immediately
following the 1906 and 1960 earthquakes, with rates above the background range lasting for several
months. Mean values of the calculated eruption rates are shown as a horizontal line, with a dashed
line at +2 standard deviations indicating background rate variability. A: Rate since 1850 using
a 12-month rectangular window passed over the eruption record at 0.05 year increments, such
that only eruptions prior to the time point contribute to the eruption rate. B: Using the method
described for A, with a 3-year window at 0.1 year increments, giving a smoother long-term eruption
rate. C: Using the method described for A, with a 12-month window at 0.1 year increments, for
the record prior to 1850. While data are highly incomplete, eruptions are almost always recorded
in the year following great earthquakes, most notably in 1751.
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periods commence in late-1906 and mid-1960, and the rate of activity exceeds the background for

approximately 12 months. The �lter in Figure 8.3b gives a smoothed longer-term eruption rate

pattern which reveals the two peaks in eruption rate very clearly. These two periods correspond

to times immediately following the two largest Chilean earthquakes since 1850: in August 1906 in

the northern part of the study area, and in May 1960 in the southern half of the study area.

Following the 1906 earthquake and before the end of 1907 at least seven volcanoes erupted in

the SVZ, in a possible maximum of ten eruptions (Table 8.2). Similarly, at least six, and possibly

seven, volcanoes erupted by the end of 1961 following the 1960 earthquake, in up to nine eruptions.

In the rest of the record, the eruption of �ve volcanoes in any 12-month period occurs three times,

in 1863-4, 1869 and 1893, while four erupting volcanoes in a year occurs several times.

8.4.1.1 Poisson processes and probabilities

The distribution of eruption occurrence on an arc-scale may be modelled as a Poisson process [e.g.,

Bebbington and Lai, 1996]. In such a model the number of future events, occurring at instants

in time, is independent of behaviour in the past, and the distribution of the number of events is

constant over time (i.e. the process is stationary). For eruption timings on the arc scale it may

reasonably be expected that the occurrence of eruption at any one centre is independent of the

timing of eruption at another volcano in the arc. This model can be tested by examining the time

intervals between eruptions, using the sample mean of 1.32 eruptions per year. If the data do de�ne

a Poisson process, then the cumulative density function of the process has density λ exp (−λt) where

λ is the sample mean, and t is time. That is, the inter-event times are exponentially distributed,

and the expected time for n events to occur is n/λ. The inter-event times do show a good �t to

the exponential distributions (Figure 8.4), suggesting that, broadly, the data are consistent with a

Poisson process. A Kolmogorov-Smirnov test for a �t to the exponential distribution shows that

for the 205 data values, a test-statistic of 0.063 is produced. This is well below the Kolmogorov-

Smirnov 0.05 critical value, but since the sample was used to estimate the exponential parameters

the power of the test statistic is reduced, and a Lilliefors-type critical value should be used, likely

to be close to the measured test statistic at the 0.05 level [e.g., Schafer et al., 1972]. In general

however, given that these data are of variable quality (e.g., the occurrence of an artefact showing

a large number of inter-event times of 1 year (Figure 8.4), resulting from eruptions only dated

by year of occurrence) and that for some part of the data set temporary non-independence and
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Table 8.2: Potentially triggered volcanic eruptions after the 1906 and 1960 earthquakes

Earthquakes Latitude

Date Epicentre Rupture
N limit

Rupture
S limit

17 Aug 1906 33.0 32.0 35.0
22 May 1960 39.5 37.5 46.0

Volcanoa Arc-parallel
distance from
earthquake:

Date Latitude epicentre rupture
zoneb

Tupungatito 15 Feb 1907 33.4 0 -
Carrán-los
Ven.

9 Apr 1907 40.4 790 560

Calbucoc 22 Apr 1907 41.3 900 680
Villarrica 5 May 1907 39.4 690 460
Azulc 28 Jul 1907 35.7 260 30
Nev. de
Chillán

1907 36.9 400 170

Llaima 1907 38.7 600 380
Huequid 1906 42.4 1020 790
Cordón Caulle 24 May 1960 40.5 70 -
Planchón-P. 10 Jul 1960 35.2 530 300
Tupungatitoe 15 Jul 1960 33.4 730 510
Calbuco 1 Feb 1961 41.3 160 -
Copahuef 1961 37.9 230 -
Villarrica 1961 39.4 50 -
San Joséd 1960 33.8 690 460
aVolcanoes assumed to lie 200 km E of tabulated rupture line, which

is taken to be trench-parallel.
bFor volcanoes that lie outside the tabulated rupture zone limits.
cAlso erupted in 1906, at unknown date (eruption excluded from

analysis).
dErupted at unknown date, so unclear if post-dated earthquake, and

excluded from analysis (Fig. 3a).
eAlso erupted on 5 May 1961
fAlso erupted in 1960, at unknown date (eruption excluded from

analysis).
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Figure 8.4: Histogram of SVZ eruption inter-event times, with a 0.2 year bin width. The data �t
closely the exponential curve shown, as expected if the eruption rate on the arc scale represents a
Poisson process. The peak in the histogram in the 0.8�1 year bin is an artefact from occasions in
the record where only the year of eruption is recorded for consecutive events in consecutive years.

Poisson-process departure would be expected (if there is a response to external forcings such as

large earthquakes), the inter-event data are consistent with an exponential distribution.

Thus, if the arc-scale eruption rate is Poissonian, the probability of six eruptions occurring in

a one-year period can be calculated, and is found to be 2.0 Ö 10-3. This indicates that such a rate

would be expected once every 500 years. In fact, this rate occurs twice during the study period,

such that the probability of this rate occurring in any year is 0.013, and hence these `eruption

clusters' do not �t well with a Poissonian model. Over the same period �ve great earthquakes

occur, such that the probability of a great earthquake in any one year is 0.032. Thus, from the

product of these, the probability of a cluster and great earthquake coinciding is 4 Ö 10-4. Such a

situation occurs twice in the record, on both occasions where an eruption cluster is observed, and

the dates of these correspond to the two largest earthquakes in the record. Hence, it is likely that

the highest eruption rates represent a departure from the typical Poissonian background eruption

rate, and during these periods eruptions are not independent events, but are linked to a common

cause of a preceding great earthquake. During these periods the eruption record may in fact be

better modelled by a negative binomial distribution, suited to contagious events. During other
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parts of the record eruption occurrence is presumed to be governed by internal and continuous-

external factors at any individual system, whereas during the observed clusters at least some

eruptions are governed by factors relating to great earthquakes, which have the ability to a�ect

a signi�cant portion of the volcanoes in the arc. Following these great earthquakes, even if the

background rates of volcanism were above average at the time, eruptions at 3�4 volcanoes may be

plausibly assigned the status of seismically triggered events. Interestingly, the probability of �ve

eruptions in a one-year period is 8.9 Ö 10-3, but between 1863 and 1893 �ve volcanoes erupt in a

yearly period on three occasions (in addition �ve eruptions occur at four volcanoes in 1932-33 and

1959) suggesting that there may be other underlying processes, besides great earthquakes, leading

to enhanced eruption rates at certain times. It must be emphasised that there is no statistical

basis by which any particular one of the eruptions following the 1906 or 1960 earthquakes may

be asserted to be earthquake-triggered, but that there is an extremely small probability that the

observed eruption rates occurred by chance.

8.4.1.2 Triggering response

Figure 8.3 begs the question of why the 1906 and 1960 earthquakes show such a clear response

in eruption rate, while the other main ruptures during this period do not. There is evidence of

an above-average eruption rate after the 1928 MW 8.2 earthquake, but no such evidence following

the 1939 and 1985 (MW 8.0) earthquakes. Thus, there is a lack of correlation between eruption

rate and large earthquake occurrence for the 1939 and 1985 earthquakes. This observation has

been made in studies of rapid triggering [Manga and Brodsky, 2006], highlighting cases such as

the 2004 Sumatra earthquake, after which no unambiguous triggering response has been observed,

although subsequent eruptions in the region have been postulated as triggered events [Walter and

Amelung, 2007]. Indeed, the immediate triggering examined by Linde and Sacks [1998] appears to

be a relatively unusual event, perhaps requiring special conditions, given that only eight of their

catalogue of 120 great earthquakes are identi�ed as having produced rapid eruption triggering.

Here, by using the arc-scale approach, it is also clear that not all great earthquakes elicit a similar

eruptive response. The greater size of the 1906 and 1960 earthquakes is not an entirely satisfactory

explanation; a smaller event would still be expected to show some response, albeit less pronounced.

However, the mechanisms and timescale of these responses are not yet well understood.

The 1960 earthquake was much larger in terms of rupture length (940 km) and seismic moment
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(MW 9.5) than the 1906 event (330 km and MW 8.3), and yet the post-seismic eruption rate

increases are of similar magnitude. If the system disturbance is ultimately related to stress changes

associated with the earthquake, some relationship with earthquake magnitude might be expected.

However, an additional factor is the state of a particular volcano, in terms of how near the magmatic

system is to the critical threshold at which dyke propagation may occur, which can be simply

described by competing load and strength functions [cf. Jupp et al., 2004]. The greater the stress

changes associated with an earthquake, the higher the probability of conditions at any individual

volcano exceeding the threshold for eruption. In other words, triggered eruptions occur at volcanoes

that were already likely to erupt in the near future, had the earthquake not occurred, but the

occurrence of the earthquake results in systems already primed for eruption crossing an eruption

threshold, and thus may produce several concomitant eruptions. At any one time, the number of

volcanoes in the arc approaching this threshold is likely to vary randomly, and, given the rarity of

rapid triggering observed by Linde and Sacks [1998], may also be small. Such variation is likely to

be complex, and related both to internal factors at any individual volcanic system, and external

factors, such as the time since the previous large earthquake. The 1906 earthquake occurred after

a relatively long gap in great earthquakes. This lapse in time may have allowed more volcanic

centres to approach a critical state, undisturbed by large seismic events. This analysis, revealing a

variable magnitude of response to great earthquakes, suggests that the number of volcanoes primed

for eruption may be highly variable. On an arc scale, therefore, the likelihood of an observable

response following a large earthquake is a function both of the state of the arc's volcanoes, as well

as the scale of the earthquake, and this may explain why some large earthquakes do not register

an increased eruption rate.

It has been proposed by other workers that the converse relationship, an eruptive trigger to

earthquakes, may exist on a range of timescales [Acharya, 1982, Lemarchand and Grasso, 2007].

There is not a clear relationship between great earthquakes and the immediately preceding arc-

scale eruption rate, although prior to the 1960 earthquake the eruption rate was higher than

average, with several eruptions in the SVZ and also in the Austral volcanic zone, further to the

south. However, this pattern is not repeated before other large earthquakes, and the eruption

rate in 1959 does not constitute a statistical outlier from the record, unlike the post-earthquake

records. It is interesting, though, that the case of the 1960 earthquake does not concur with

the general conclusion of Eggert and Walter [2009], who suggested that earthquakes showing a
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triggered response are commonly preceded by a period of volcanic silence. The relatively high

eruption rate prior to the 1960 earthquake re�ects the inherent variability in eruption frequency

and the �uctuating background rate of volcanism in the SVZ. Other periods of increased eruption

rate (Figure 8.3b) occur in the 1890s, 1930s and 1990s. This may simply be natural variation,

but does hint at a periodicity, potentially related to changing crustal stress conditions through the

seismic cycle [e.g., Klotz et al., 2001].

Ideally, eruption magnitude would be incorporated into this analysis. However, the major

limitation to this approach is record quality and resolution, with accuracy biased towards recent

events, and estimates of the past event magnitudes based on sparse data with poorly quanti�ed

uncertainties. As a preliminary analysis to investigate whether a magnitude response to great

earthquakes exists, I have considered all events with some estimate, however uncertain, of magni-

tude. The smallest events are under-represented in this record, and only the 170 events of VEI ≥ 2

are included. This record contains �ve eruptions of VEI ≥ 4 (including that of Chaitén in May

2008), which show no clear correspondence to great earthquake dates. Nor do the patterns of VEI 2

and 3 events suggest any variability in eruption scale that can be related to great earthquake oc-

currence. This is not to say such a relationship does not exist, but a larger data-set with a better

quanti�ed and more precise measure of eruption scale would be necessary to test this hypothesis.

8.4.2 Eruption locations and seismic stresses

The locations of potentially triggered eruptions can provide constraints on the stresses that disturb

magmatic systems following great earthquakes. Static stress changes decay more rapidly with

distance from the fault zone than dynamic stresses. The magnitude of static stress change after

an M8 earthquake is of the order of 10-1 MPa at 100 km, decreasing to 10-4 MPa at 1000 km,

comparing with 3 to 0.06 MPa for dynamic stress changes in the same locations respectively [cf.

Manga and Brodsky, 2006]. The two are not directly comparable, due to the transience of dynamic

stresses, but the signi�cantly greater magnitude of dynamic stresses at large distances makes them

a more plausible far-�eld trigger. If the mechanisms involved in eruption triggering are solely due

to static stress change, candidate triggered eruptions would be located predominantly in the arc

section parallel to the rupture zone.

The subduction zone can be split into three segments (Figure 8.1), de�ned by portions of the

plate boundary which fail in each seismic cycle, and spanning the latitudes 31.5�34.8°S, 34.8�38.4°S
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and 37.8�46°S. Data were analysed for each of these segments individually, but no strong pattern

of eruption rate variation following earthquakes within the same segment was found for any of

the individual segments. It is only on the arc-scale that the relationship between earthquakes and

volcanism is seen, and this response is not limited to the arc-section adjacent to the rupture zone.

This is clear from Table 8.2, where, in both 1906 and 1960, several of the candidate triggered

eruptions occurred at locations far beyond the rupture zone. In 1906, seven of eight potentially

triggered volcanoes lie outside the rupture zone, at distances of up to 790 km. In 1960, three of the

potentially triggered volcanoes lie outside the rupture zone, up to a maximum distance of 450 km.

This concurs with the conclusion of Linde and Sacks [1998], that seismic triggering mechanisms

are capable of acting at distances of several hundred kilometres from a great earthquake rupture

zone.

The strain modelling of Walter and Amelung [2007] shows that following the 1960 earthquake,

the whole of the crustal region beneath the SVZ experienced volumetric strain expansion, with

strain experienced at candidate triggered volcanoes ranging from > 25 µ at Cordón Caulle, Calbuco

and Villarica, to 10-15 µ at Copahue, and approaching zero at Planchón, San José and Tupungatito.

From the modelling, all of these systems would have experienced magma chamber dilatation, but

if static changes were the sole initiator of eruptive processes, a non-zero strain threshold for the

observation of such e�ects would be expected. Static stress changes may therefore be a plausible

mechanism for eruptions such as that of Cordón Caulle, but are less so at locations experiencing

very low strain, which would have experienced much larger dynamic stresses. This is reiterated by

the 1906 triggered eruptions, half of which lie at > 450 km beyond the rupture zone (Table 8.2).

This smaller (though poorly constrained) earthquake is unlikely to have generated signi�cant static

strains at such distances [cf. Walter and Amelung, 2007]. The prevalence of candidate triggered

eruptions at distances where static stresses were minor indicates a likely important role for dynamic

stresses in triggering eruptions, and suggests that both dynamic and static stresses can initiate

magmatic changes that may not be manifested as eruptions for periods of several months.

The reliable eruption record only covers a period of �ve main ruptures. Further back in time

data become sparse. While reporting bias following large earthquakes is more likely in this period,

the pattern seen in Figure 8.3c is still striking. Virtually all of the great earthquakes are followed by

eruptions in the following year. For example, six well-dated eruptions occurred in the nine months

following the 1751 Concepción earthquake, at Planchón, Villarrica, Llaima, Callaqui, Chillán and
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Antuco. Four of these volcanoes lie outside the rupture zone, at distances of up to 160 km,

although in this case the rupture zone is poorly de�ned. In contrast, there is no clear response

to the 1835 earthquake seen in Figure 8.3c (two eruptions occur in the three months prior to the

earthquake, contributing to the peak). As discussed in Section 8.2.3, the contemporary reports

of Caldcleugh [1836] and Darwin [1840] strongly suggest a signi�cant volcanic response, but the

record quality is insu�cient for the reliable identi�cation of speci�c eruptions; hence, no response

is identi�able from this statistical analysis. What is also notable about the 1835 earthquake,

and not cited in recent work, is a possible triggered eruption at Robinson Crusoe [Darwin, 1840,

Siebert and Simkin, 2002-], in the Juan Fernández Islands. This is the only well-reported historical

eruption at this Paci�c Ocean island group, 635 km from Concepción, and occurred on the same

day as the earthquake. If genuine, it suggests that perturbations to volcanic systems may occur

quite remote from the rupture zone and in a wholly di�erent tectonic setting, presumably due to

dynamic stresses.

8.4.3 Triggering mechanisms

Given that the identi�ed candidate triggered eruptions following the 1906 and 1960 earhtquakes lies

both within the fault rupture zone latitudes and also at distances of several hundred km, it is likely

that both static and dynamic stresses arising from these great earthquakes are acting as eruption

triggers. However, mechanisms are required by which these stresses precipitate magmatic processes

that ultimately generate eruption, with a possible time lag of several months. Many hypotheses

for such processes have been proposed. The data available, which comprises only the event timings

and distance separation, are not suitable to di�erentiate between most of these mechanisms, but it

is useful to discuss them to test if they can account for the relationships observed in this analysis.

Whether the e�ects of great earthquakes on volcanic systems persist for longer periods cannot be

deduced from these records, since after approximately 12 months eruption rates fall to within the

background range. The period of response that has been identi�ed is on the order of 1 year, though

this �gure is di�cult to constrain precisely since it is not possible to identify speci�c seismically

triggered eruptions.

Magmatic overpressure is likely to be a key factor determining the apparent time lag before

eruption [e.g., Tait et al., 1989, McLeod and Tait, 1999]. Eruptions within days of a large earth-

quake will only occur at magma bodies that were already near a critical eruptive overpressure.
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Volcanoes displaying a slightly longer response may be slightly further below this tipping point,

but stress changes must still be signi�cant enough to produce permanent pressure changes that set

the system on the path to eruption. In more general terms, the triggering event must be su�cient

to initiate failure by exceeding a threshold, but the failure event (eruption) might then occur after

an extended incubation period [cf. Jupp et al., 2004].

Various models have been proposed by which stresses e�ect physical changes and movement

within the magmatic system. Static stress changes have been invoked for rapidly triggered events

within the rupture zone, notably for the 1960 eruption of Cordón Caulle [Barrientos, 1994]. This

eruption, within 48 hours of the May 22nd earthquake, was considered to be triggered as a result

of strain arising from extension beneath the volcano, which was in a mature stage of its eruptive

cycle. Walter and Amelung [2007] proposed that volumetric strain expansion of rock surrounding

stored magma would trigger eruption by magmatic decompression stimulating gas exsolution and

ultimately increasing overpressure. The same strain changes may enhance the unclamping of

fracture systems, and allow dyke formation. This model provides a plausible explanation for

responses on the timescale observed, while other static changes, such as models associated with

viscous relaxation in the crust [Marzocchi, 2002] are likely to act on longer timescales. However, it

remains unclear why some volcanoes show a near-immediate response to static stress changes, while

others may take several months for triggering e�ects to result in eruption. Magma composition and

rheology, storage depth and state of volatile saturation, as well as system overpressure, may all play

a role [e.g., Woods and Pyle, 1997, McLeod and Tait, 1999, Jellinek and DePaolo, 2003]. Particular

mechanisms may also operate on di�erent timescales, but the physical di�erences between each

system, in terms of plumbing and crustal structure, may ultimately be the most important control

in in�uencing the timing at which eruption occurs following the initial triggering process, and the

time lag may not inform directly on potential mechanisms. Time lags of this order have been

postulated before, and have been di�cult to account for. For example, coupling relationships

between eruptions of Vesuvius and Apennine earthquakes have been suggested to operate over a

timescale of several years [Nostro et al., 1998], due to static stress changes, and in two directions,

with eruptions both preceding and following earthquakes.

Dynamic stresses, due to their transience, require a mechanism by which they are rapidly

converted into permanent pressure changes [Manga and Brodsky, 2006]. While such a response

must be rapid, it may not result in eruption for several months. Several mechanisms proposed for
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triggering through the passage of seismic waves involve bubbles, which, through nucleation and

growth, are of primary importance in initiating eruption. One such process involves advective

overpressure, by which bubbles are dislodged by seismic waves and, through rising, transmit larger

pressures across a decreasing pressure gradient. However, in most real magmas, such processes

produce insu�ciently large pressure changes to initiate eruption [Pyle and Pyle, 1995]. A second

proposed mechanism involves recti�ed di�usion, whereby bubble oscillation during the passage

of seismic waves results in a net addition of mass into the bubble, increasing bubble volume

and magmatic pressure. Again, modelling of this process with realistic parameters suggests the

resulting pressure increase is insigni�cant in most cases [Ichihara and Brodsky, 2006]. While both

these processes increase pressure, if the change is too minor to initiate pre-eruption processes then

the excess pressure is likely to dissipate over a short timescale due to gas loss and no permanent

change will have arisen. Hence, in most cases, these are not considered to be important eruption

triggering mechanisms. Finally, if the magma is close to volatile saturation, the pressure change

associated with dynamic stresses may be su�cient to directly generate rapid bubble nucleation,

leading to eruption [Manga and Brodsky, 2006].

Magmatic overturn, whereby a crystal mush at the roof of a magma chamber may be dislodged

as inter-crystal yield strength decreases due to dynamic stresses, may also initiate eruption pro-

cesses, by promoting vesiculation of rising magma and convection. Physical models suggest this

process to be plausible [Manga and Brodsky, 2006, Davis et al., 2007], and one that may operate

on the timescales of interest.

Sumita and Manga [2008] show that candidate rapidly-triggered eruptions, as well as hydro-

logical and other seismic responses, fall within a general distance-magnitude bound, corresponding

closely to the liquefaction limit for hydrological system responses. The correlation suggests a

common mechanism in�uencing both magmatic and hydrological systems, and they suggest that

liquefaction may play a role in eruption-triggering. For the 1960 earthquake, all of the candidate

triggered eruptions lie inside the bounds shown by Sumita and Manga [2008], and liquefaction

may provide a plausible triggering process for these events. However, for the 1906 earthquake

the same magnitude-distance bounds suggest that triggered e�ects should not occur beyond 800

km, while three of the candidate triggered eruptions lie at or beyond this limit. Thus, results

based on previously postulated triggered responses suggest that these eruptions are too distal to

be earthquake-triggered.
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While it is not possible to di�erentiate between the discussed mechanisms on the basis of these

records alone, distinguishing between the postulated models may be attainable through petrological

and geochemical analysis of triggered-eruption products [cf. Higgins, 2009]. For example, chemical

zonation in phenocrysts may reveal the short timescale (<1 month � <1 year) pre-eruption changes

in the magma system that would occur as a consequence of inter-mixing and re-equilibration of

disturbed crystalline mush and melt [e.g., Morgan et al., 2004, Martin et al., 2008].

8.5 Conclusions

Eruption rates are enhanced above background levels for ∼12 months following the 1906 and 1960

earthquakes, with the onset of 3�4 eruptions estimated to have been seismically in�uenced in each

instance. Eruption locations suggest that these e�ects occur from the near-�eld to distances of

∼500 km or more beyond the limits of the earthquake rupture zone. This suggests that both

dynamic and static stresses associated with large earthquakes are important in eruption-triggering

processes and have the potential to initiate volcanic eruption in arc settings over timescales of

several months.

Demonstrating the occurrence of triggered eruptions on timescales beyond a few days has

proven di�cult using global data sets, but volcanoes in the Andean SVZ respond to earthquakes

of M > 8 in the adjacent subduction zone through an increased rate of eruption over a period of

several months. This pattern is observable in the earthquake and eruption records since 1850. The

mean eruption rate in the arc is 1.32 eruptions per year. The highest eruption rates in the record

show a deviation from the long-term Poissonian background trend, and occur in the 12�18 month

periods following the 1906 and 1960 earthquakes, with up to eight volcanoes erupting in 1906�7.

The probability of this event coinciding with the date of a great earthquake is 4 Ö 10-4, a situation

which occurs for the two periods of highest eruption rates. Thus, the arc-scale volcanic eruption

rate does not represent an independent process during the periods of most elevated eruption rates,

but is governed by the occurrence of great earthquakes in the adjacent subduction zone, which

have the ability to trigger multiple eruptions over a period of several months. Based on the average

eruption rate during the remainder of the record, it is likely that 3�4 eruptions were seismically

triggered following each earthquake. Not all large earthquakes elicit similar responses in eruption

rate, and the relationship between the two is not simply based on earthquake magnitude, but an

interplay between magnitude and the number of arc volcanoes in a critical pre-eruptive state at
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any one time, itself highly variable and subject to multiple internal and external factors. The

locations of candidate triggered eruptions suggest that triggering occurs both in the near-�eld,

where static stress changes are likely to be important, and also at distances up to ≥ 500 km

beyond the rupture zone. Here, dynamic stresses associated with the passage of seismic waves are

likely to be the primary cause of magma body disturbance. While individual triggered eruptions

cannot be identi�ed, it is clear that seismic eruption triggering following large earthquakes, with

delays of up to several months, is a signi�cant process in volcanic arcs.



Chapter 9

Summary and Conclusions

By producing and investigating detailed observations of volcanism in southern Chile, the aim of

this thesis has been to obtain a better understanding of physical volcanic processes and parameters

controlling volcanic behaviour, both in the study region and in a more general sense. The results

therefore provide extensive new information regarding the history of volcanic eruptions in the

study areas, particularly in Hualaihue, but also provide insights regarding the in�uence of external

systems on volcanic processes, from magma ascent through to edi�ce destruction, and a clearer

understanding of the limits and constraints placed on the investigation of such processes based on

records of past activity.

9.1 Volcanic records in Hualaihue and the SSVZ

A large amount of data relating to volcanism in the Chilean SSVZ (actually spanning the region

from Calbuco to Puyuhuapi) has been collected and described in this thesis. Much of this work has

focussed on the Hualaihue region, previously very little known. Holocene explosive activity in this

area was relatively limited. Yate, a large stratovolcano and the main focus of Pleistocene volcanism

on Hualaihue, has undergone e�usive Holocene eruptions but only one minor explosive eruption

of evolved magma, in contrast with extensive pumiceous units derived from stratovolcanoes both

to the north (e.g., Calbuco) and south [Naranjo and Stern, 2004]. Volumetrically, tephra records

preserved in the vicinity of Hualaihue are dominated by fall deposits from Calbuco, while the early

Holocene eruption of Chaitén, to the south, also deposited tephra in the region.

Aside from e�usive activity at Yate, Holocene explosive eruptions on Hualaihue occurred at

Hornopirén and Apagado volcanoes. Both were similar in style, erupting ma�c compositions

287
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in pulsatory explosions, although that of Apagado is unusual in several respects. The magma

produced during the early eruption phases was picritic, in part due to olivine accumulation, and

water-rich compared to the basalt erupted at Hornopirén, which was more similar to the eruptions

of ma�c cones along the Liquiñe-Ofqui fault zone (LOFZ). The Apagado magma also equilibrated

at higher temperatures and contains more forsteritic olivines than the latter. Being at a similar

trench distance to many of the arc frontal volcanoes further south (closer than centres lying on the

LOFZ) highly magnesian magmas of the Apagado type may be widespread, feeding stored crustal

magma systems throughout the region. This eruption forms an isolated event, and the exposure

of these highly magnesian magmas at the surface is unusual, providing a window into primitive

magmas away from the locus of the LOFZ, where primitive compositions are more commonly

erupted.

Although trace element contents do not suggest any direct genetic relationship between the

Apagado and Hornopirén magmas, further evidence of high-Mg magmas is provided by olivine

phenocrysts erupted widely on the south �ank of Yate, out of equilibrium in the erupted rock. In

general, magma compositions and petrological characteristics suggest a variety of independently

evolving stored magmas beneath the Hualaihue volcanoes, commonly mixing prior to eruption, with

distinct late-Pleistocene and Holocene compositions erupted in di�erent parts of the peninsula.

Topographically, Yate forms the major volcanic centre on Hualaihue, yet extensive eroded

volcanics surround the Apagado region. However, no volcanic rocks more evolved than basaltic

andesites occur away from Yate. The Holocene Apagado scoria cone is nested within an eroded

ring structure, interpreted as a caldera, and the lack of more evolved compositions is surprising.

It is clear, however, that the exposed rock sequence at Apagado preserves the eroded record of an

older volcanic centre, and it is conduits associated with this structure that the Apagado scoria,

rising from mid-crustal depths, exploited.

Volcanic structures at Hornopirén and Yate indicate tectonic controls on upper crustal magma

ascent. Volcanic ridges at Yate, as elsewhere in the region, re�ect dyke formation parallel to

the maximum principal stress orientation of the transpressional regime along the LOFZ, while

Hornopirén has a long axis associated with fracturing along a pull-apart structure on the same

fault system. The main axis of Yate, however, deviates from this direction, and may re�ect an

older crustal structure, leading to construction of the volcano at its intersection with the LOFZ.

The three Hualaihue volcanic centres, although all active in the Holocene, may be considered a
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single volcanic group, and although the chemistry shows a complex magmatic system the rocks also

have shared characteristics. The occurrence of multiple polygenetic eruption sites occurs further

north in the region, such as at the Puyehue-Cordón Caulle system [Lara et al., 2006b], although

further south each volcanic system is generally characterised by a single stratovolcanic centre.

Yate-Hornopirén is likely to remain the main focus of activity on Hualaihue, since the Apagado

scoria cone, although the most recent activity in the area, appears anomalous in the longer term.

The overall level of Holocene activity in Hualaihue is of a similar order to that characterising

volcanoes further south, although the �ux of volcanic material through all these systems remains

very poorly constrained, with recognised activity at volcanoes to the south generally restricted to

records of the largest explosive eruptions. Immediately to the north of Hualaihue, the record from

Calbuco suggests a far greater level of activity in post-glacial time, although the reasons for this

are unclear.

The location of Yate, on the LOFZ, has not only in�uenced the constructive evolution of the

volcano, controlling dyke orientation, but has also imposed a structural grain on the volcano, mod-

ulating the pattern of its destruction through repetitive landsliding. Numerous large landslides

have incised the edi�ce at angles slightly oblique to the strike of the LOFZ, in the Riedel shear

direction. The hazard arising from edi�ce collapse processes at this volcano thus varies with ori-

entation, relating to weaknesses imposed during volcano construction, relating to strain associated

with the LOFZ, and perpetuated by glacial erosion. A particularly devastating landslide, triggered

by heavy summer rainfall in 1965, led to a mass �ow that interacted with Lago Cabrera, generating

a tsunami with a run-up in excess of 50 m.

In general, activity and levels of motion along the LOFZ remain relatively poorly resolved

[Lavenu and Cembrano, 1999, Rosenau et al., 2006, Adriasola and Stöckhert, 2008]. Monogenetic

cones throughout the region indicate that, at least under certain conditions, fractures associated

with the fault system provide a route for rapid magmatic ascent. Magmas erupting along several

hundred kilometres of the LOFZ show broadly comparable compositions, with arc compositional

signatures but relatively low volatile contents. At Puyuhuapi, conditions have led to the eruption

of alkaline compositions, unique in a regional context, likely to re�ect decompression melting of

a �uid-enriched source. Although the reason for eruption of such magmas in this precise location

remains unclear, the ages of both this activity and that at Palena, a little further north, appear

to be restricted to the early post-glacial period, and may relate to isostatic recovery and enhanced
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and atypical upper crustal strain rates following removal of the regional ice sheet.

9.2 Volcanism and external processes

This thesis set out with the intention of using a range of volcanic data to assess evidence for

the control or modulation of volcanism by external geological processes. In this context, external

processes are those not immediately related to the volcano-magmatic system, operating within the

crust or upon the Earth's surface. In any single tectonic setting, in spite of similar plate tectonic

scale parameters, a wide range in eruption style, composition, magnitude, rate and explosivity

occurs. Much of this variation re�ects di�erences in crustal parameters and subduction inputs,

in�uencing both magma generation and evolution. However, di�erences may also result from near-

surface processes, variable on geologically small spatial and temporal scales, relating to crustal

stress regimes and local tectonic structures, seismic activity or to climatic changes. The investi-

gation of the importance, or otherwise, of such controls relies on the premise that their in�uence

varies over time or space, and would therefore be manifested through changes in the style or rate

of volcanism.

Records of volcanic activity may be examined over a range scales in order to deduce if patterns

exist, potentially re�ecting controlling variables operating at similar scales. Changes in eruption

rate have been widely examined in the past, on a range of timescales, and several hypotheses

have been developed to explain observations, with causal factors including global tectonic changes

[McBirney et al., 1974, Kennett et al., 1977, Sigurdsson, 2000] and the e�ect of glacial cycles

[e.g., Jull and McKenzie, 1996, McGuire et al., 1997] through to Earth tides and sea level changes

[Dzurisin, 1980, McNutt and Beavan, 1981, McNutt, 1999, Neuberg, 2000]. The precise nature of

such interactions remains, in many cases, poorly understood, but it is increasingly evident that

processes external to the magmatic system may exert some control on volcanism.

The tephra record in southern Chile, documenting large explosive eruptions (magnitude >4)

and compiled from this work as well as other sources, does not show de�nitive temporal variability

in either eruption rate or volumetric �ux. The length of the preserved post-glacial record decreases

southwards, mapping the persistence of ice with latitude during the deglaciation period, with

retreat occurring most rapidly in the north of the region. The onset of the post-glacial record,

thus de�ned, is marked by extremely large eruptions at the most active of the region's volcanic

systems: Villarrica, Llaima and Hudson. Although the lack of a prior record and a general paucity
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of data prevents statistically rigorous conclusions from being made, the observations are consistent

with crustally stored magma accumulating to relatively greater volumes during the glacial period,

with an enhanced period of magmatic release upon ice retreat. Data from the Osorno to Hudson

region provide further evidence for such e�ects, with an increase in eruption frequency suggested

for the few thousand years following deglaciation. A time lag between the recorded large explosive

eruptions and the well-dated retreat of the ice sheet may re�ect the timescale of the crustal response

to ice retreat, if it is the changing strain rates that are important in mediating dyke formation and

the ascent of magma, or may arise due to local e�ects relating to the, potentially delayed, retreat

of summit ice caps at individual volcanoes. As mentioned above, activity on the LOFZ at Palena

and Puyuhuapi represents a special case, with early eruptions potentially re�ecting both enhanced

ascent processes and melt generation (in the case of Puyuhuapi).

The suggestion of a relationship between deglaciation an volcanism is not new [Rampino et al.,

1979, Hall, 1982, Nakada and Yokose, 1992, Jull and McKenzie, 1996, Glazner et al., 1999, Nowell

et al., 2006]. Indeed, the data obtained here show a weaker pattern than might have been expected

from extrapolation of results from other regional studies. The dramatic increases observed in

Iceland following the last deglaciation [Maclennan et al., 2002], and other increases in settings

such as continental Europe [Nowell et al., 2006] are not observed in Chile. The primary di�erence

relates to tectonic setting, and melt generation processes in the Chile's typical continental arc do

not appear to have been signi�cantly a�ected by isostatic recovery following ice sheet removal.

However, there is limited evidence that magma release was suppressed during deglaciation, and

the controlling mechanism thus operates at upper crustal rather than mantle depths, relating

to stress conditions becoming more conducive to vertical magma ascent upon ice removal [e.g.,

Glazner et al., 1999]. This result, the �rst to assess records in detail from an arc setting, suggests

that global increases in volcanism upon deglaciation are likely to largely re�ect contributions from

non-arc volcanism, and may thus be smaller than has in some cases been postulated [e.g., Huybers

and Langmuir, 2009].

Evidence of rapid timescale controls on volcanic eruption is provided by historical eruption

records in the Andean SVZ, spanning over four hundred years and approaching completion for the

past 150 years. These records indicate that statistical outliers in eruption rate have occurred at

times corresponding to the occurrence of large earthquakes (MW>8) in the adjacent subduction

zone. Particularly large impacts on the arc-scale eruption rate occurred in 1906 and 1960, and are
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also suggested by limited evidence further back in the record, such as in 1751. The magnitude of

the impact in part relates to random variation in the number of volcanoes in a critical pre-eruptive

state, and since even in the recognised responses the number of triggered events is small (<5), the

impacts of some great earthquakes are likely not to be observable above background variability

(i.e. if the earthquake occurs at a time when few volcanoes are in a critical pre-eruptive state).

The distance of potential triggered volcanic eruptions from the earthquake rupture zone shows that

in many cases the dynamic stresses experienced by the magmatic system were far larger than the

static stress changes arising from fault movement. This implies that the passage of seismic waves

may set in place processes leading to eruption, even if the manifestation of this is not observed

at the surface for up to several months. Triggering e�ects postulated in the past [e.g., Linde and

Sacks, 1998, Marzocchi, 2002, Manga and Brodsky, 2006], generally for rapid eruption (e.g., within

a few days) may also apply on the longer, several month, timescale demonstrated here, although

the nature of magma chamber processes determining the time period between earthquake and

eruption occurrence remains unclear.

More generally, as discussed above, tectonic structures and stress regimes in the continental

crust control magma ascent in the southern Chilean arc, with an in�uence on eruption style,

volcano morphology and volcano stability and collapse. In this respect, the transpressional regime

and structures associated with the LOFZ have played a particularly important role in in�uencing

the history of volcanism on the SSVZ, acting throughout the lifetime of a volcano such as Yate,

from construction through to destruction processes.

The range of interactions outlined above demonstrates that the null hypothesis, of complete

independence of volcanic processes from other earth systems, can be rejected. There is evidence

from the southern Chilean volcanic arc that climate change on the timescale of glaciations, by

exerting a control on crustal deformation, has the capacity to in�uence the release of magma, and

hence the timing and magnitude of eruption. On short timescales seismic activity and climate

systems can act as triggers to volcanic events, from eruption through to collapse processes. All of

these interactions are secondary, in that they are not controlling melt formation in the arc system,

but are able to mediate processes relating to melt storage, evolution and ascent. In this sense,

it is useful to understand a crustal system linked by complex feedbacks, and patterns observed

within a range of volcanic data can be used to provide information regarding speci�c processes

and mechanisms leading from magma generation to volcanic eruption.



9.3. UNCERTAINTIES IN VOLCANIC RECORDS 293

9.3 Uncertainties in volcanic records

The level of quantitative interpretation that can be made using geological records is often con-

strained by imprecision on incompleteness in the available data. Uncertainties in volcanic records

of the types outlined in the above section limit the observation of potentially subtle controls on

eruption processes, and must also be carefully accounted for when analysing such records.

The detailed mapping of the Chaitén ash fall deposit demonstrated that great complexity may

arise during a relatively short eruptive episode (<1 week) if there are changes in eruption intensity

and in the wind �eld. The mapped portion of the deposit, with sub-mm grain-size and sub-cm

thicknesses is unlikely to be widely preserved beyond an annual to decadal time period, and future

mapping of the unit, given the exposure and preservation typical of the region, would be limited

to the proximal deposit. This restriction is clear from the regional tephrostratigraphy constructed

in Chapter 6; recognition of deposits is limited to those preserved on several cm-scales, aided

by coarse-ash to lapilli grain sizes, and even if �ner, distal units are recognised their correlation

presents di�culties. In many cases, units are constrained only by a segment of a single isopach.

The outcome of this is that eruption parameters are reconstructed by assuming a simple model

of a single explosive phase, �tted by elliptical isopachs, and using only proximal records. As is

clear from the Chaitén 2008 deposit, the lack of constraints on the rate of distal deposit thinning

can generally produce signi�cant volume underestimates, although further complications, such as

the existence of distinct depositional lobes, as from Chaitén, may also lead to overestimation if

elliptical proximal isopachs are extrapolated into the distal domain. It is thus only valid to use the

(proximal) data available, but this imposes limits on precise quanti�cation of erupted volumes.

Both the relative precision of reconstruction and the recognition of past explosive eruptions

is strongly in�uenced by eruption magnitude. The post-glacial eruption record contains far more

eruptions of magnitude 3 [cf. Pyle, 2000] during the past 2 millennia than earlier in the record.

The limited evidence of these moderately sized eruptions further back in the post-glacial period is

restricted to volcanoes where particularly detailed studies have been undertaken. Such temporal

and spatial sampling bias obscures any relatively subtle patterns or structure in the data. The

changing rate of recording of smaller events can most accurately be accounted for by neglecting

eruption records below a certain magnitude, but this results in a small sample size, again reducing

the likelihood of observing changes within the data. Spatial sampling bias cannot easily be cor-

rected for, and relies on the assumption that the available records are representative of the wider
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region. In general, even with detailed studies of the types described in this thesis, a very large part

of the record of past activity remains unconstrained, not least regarding the timing and volume

of e�usive activity, with very few data of this type from anywhere in southern Chile. Assessments

of arc-scale magmatic �uxes or long-term levels of activity at individual volcanoes thus remain

di�cult to quantify.

The limits imposed by the uncertainties described above are best demonstrated by considering

post-glacial explosive eruptive records, examined in Chapter 7. Below magnitude 4 the record of

any activity in the early post-glacial period is absent for many volcanoes, as are dated e�usive

eruptions. Even though magnitude estimates can be made for the recognised events (with their own

uncertainties), the lack of a prior record, from the late glacial period, means that it is not possible

to de�nitively reject the hypothesis that eruption style changed (e.g., from e�usive or small-scale

explosive activity to larger explosive eruptions) even if an increase in the rate of large explosive

eruptions can be demonstrated for the early post-glacial period. Nonetheless, if a di�erence is

observable between the early and later post-glacial periods then this might still suggest a departure

in the early post-glacial from the longer-term steady state eruption rate. Given the general lack

of data, however, the available record, adjusted to span a comparable time period across the arc,

is simply too small to draw �rm conclusions regarding temporal changes in activity. Furthermore,

the sporadic distribution of detailed �eld studies (coupled with the widely variable rates of activity

between volcanoes, itself not well understood) potentially introduces a spatial sampling bias even

on this regional scale, since the timing of deglaciation varied with latitude, and volcanoes in the

south, due to generally poorer accessibility and exposure, are less well studied. On a global scale,

although data-sets are larger, such problems are compounded and unless variability in the spatial,

as well as temporal, rate of sampling can be properly corrected for then changes in eruptive patterns

cannot accurately be quanti�ed.

In summary, deailed studies of contemporary events, such as the Chaitén eruption, and exami-

nation of the, albeit relatively short, historical eruption record highlight the degree to which records

based on the reconstruction of past events are hindered by a lack of preservation, erosion, poor

exposure and temporally and spatially variable sampling rates. It is essential that such limitations

are considered when interpreting past volcanic records. At present, without more comprehensive

data-sets arising from further detailed �eld studies, our ability to quantify and understand a range

of controls and mechanisms in volcanic processes is restricted.
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9.4 Future directions

The investigations of southern Chilean volcanism described in this thesis raise several questions,

as well as highlighting shortcomings in the approaches used and in the records produced. Detailed

analysis of past volcanic activity has the capacity to provide a wealth of information regarding

volcano-magmatic mechanisms, but requires an approach combining petrological, geochemical,

geophysical and modelling data, reliant upon a base of precise and comprehensive �eld observations.

The main limitation in interpreting rates of volcanism over thousand year timescales at present

is a shortage of data, with available records heavily skewed towards the largest events and also

a�ected by sporadic coverage, making quantitative conclusions di�cult to achieve. In terms of

the tephra record of southern South America, this is unlikely to be greatly improved through the

study of soil sequences, but detailed investigations of lake sediment and peat core records would

produce both a wider coverage of smaller events and more accurate parameterisation, reduce

spatial sampling bias, and may also provide samples spanning a longer period, una�ected by late-

glacial erosion, if distal samples can be taken in Argentina. Such data could then be used to test

in more detail some of the hypotheses relating to changing rates of volcanism put forward in this

thesis. Dated records of e�usive �ux at individual volcanoes would render such investigations more

complete, but require signi�cant logistical and analytical e�ort, posing a less tractable problem in

the short term.

With regard to rapid eruption triggering, by processes such as earthquakes, there is the potential

to use petrological observations [e.g., Higgins, 2009] in an e�ort to better understand immediately

pre-eruptive process, in combination with more detailed analysis of magmatic responses to seismic

stresses. Similarly, longer term variation in the petrology of eruption products may be used to

assess the evidence for storage e�ects associated with glaciation.

Short-term impacts on the rate of volcanic hazard generation in southern Chile are likely to

arise not through eruption processes, but due to increased edi�ce instability following ice retreat.

Summit ice-cap shrinkage in response to a warming climate, debuttressing upper slopes and expos-

ing large volumes of weathered rock, coupled with potentially raised pore-�uid pressures through

meltwater generation and high altitude rainfall, may lead to increased rates of edi�ce destruction

through landslide generation. The scale of this e�ect and the edi�ce stress changes resulting from

load redistribution are poorly understood, and require further investigation, but the potential

frequency, poor predictability and widespread coverage of such hazards makes them signi�cant.
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Appendix A

Sample details

Sample

Location

S
ection

X
R

F

IC
P

-M
S

P
alaeom

ag.

C
olum

n

Long. Lat.

T
ype

P
osition

Notes

15-4B Ho x -72.466 -41.871 Lav S Same flow as 30-2A

15-5A Ho p x x x -72.470 -41.891 Lav S Coarsely vesicular

15-7A Ho p x -72.476 -41.929 Lav S Highly vesicular

19-1A Ho p x -72.434 -41.860 Lav S Vesicular, common clots, breccia

19-1B Ho p -72.434 -41.860 Lav S Contains concentric clots

19-2A Ho c -72.436 -41.860 Lav L Dense porphyry

19-2B Ho c -72.436 -41.860 Lav L Dense porphyry

19-2C Ho c -72.436 -41.860 Lav L Vent agglomerate

19-2D Ho c -72.436 -41.860 Lav L Dense porphyry

19-4A Ho p t x -72.439 -41.860 Lav S Dense

19-5A Ho -72.456 -41.867 Lav S Fresh, dense

21-14A Ho p x F -72.405 -41.904 Lav S Dense block below breccia

21-15B Ho p t x F -72.408 -41.909 Lav S Dense

24-3A Ho p t x -72.394 -41.871 Lav S Dense

24-7A Ho p x -72.398 -41.884 Lav S Dense block below breccia

30-2A Ho p x x -72.464 -41.871 Lav S Fresh, dense

30-9A Ho p t x -72.473 -41.936 Lav S Massive, pale, vesicular

05-3A Ho p x -72.429 -41.878 Lav L Vesicular

23-4X Y -72.339 -41.659 Lav L Assorted blocks in debris flow

Lavas, proximal ejecta, bedded scoria and basement rocks

Lavas

For location Ho= Hornopirén, Y=Yate, A=Apagado, Pa = Palena, Pu=Puyuhuapi, LaVig=La Viguería, Mi= Cone south of 
Minchinmávida, Hua=Hualaihue region, Aya=Ayacara region. Section refers tothin section preparation: p=polished, 
c=covered. Analyses as marked, by XRF, ICP-MS and palaeomagnetic measurements. Column refers to the stratigraphic 
columns in the tephrochronology of Chapter 6. For position, S=in situ, L=Loose block, B=bedded, C=In cone. For types, 
Lav=Lava, Sco=Scoria, Pum=Pumice, Bas=Basement rock, X=xenolith, O=other. For xrf etc. x marks sample analysed, t for 
trace elements only. p=polished thin section, c=covered, r=resin mounted stub.

All samples listed, except ash samples from the Chaitén 2008 eruption (Chapter 5) and radiocarbon samples (Chapter 6).

Samples numbered as follows: Two digits immediately before hyphen give the specific day of the month of collection, after 
hyphen is site number for that day, and then sample letter (starting from A) for that site. Samples preceded by 8 were 
collected from late February to early March 2008. Samples preceded by C were collected during the fieldwork investigating 
the Chaitén 2008 ash, and follow the Chaitén sample format. Otherwise, all samples collected from mid-January to early 
February 2007.
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Sample

Location

S
ection

X
R

F

IC
P

-M
S

P
alaeom

ag.

C
olum

n

Long. Lat.

T
ype

P
osition

Notes

26-3A Y p x x -72.348 -41.819 Lav S Flow banded, above 26-2A

23-8A Y x M -72.436 -41.713 Lav S Coarsely porphyritic, massive

23-8B Y p x x M -72.436 -41.713 Lav S Same as 23-8A

23-10A Y p x x x -72.443 -41.717 Lav S Dense, columnar jointed

23-12A Y x K -72.465 -41.726 Lav S Coarsely porphyritic

23-12B Y p x K -72.465 -41.726 Lav S Same as 23-12A

26-2A Y p x x x -72.347 -41.823 Lav S Black, glassy, columnar jointed

26-4A Y p x x x -72.349 -41.823 Lav S Dense

26-4B Y -72.349 -41.823 Lav L Contains inclusions

26-4C Y -72.349 -41.823 Lav L Contain coarse inclusions

26-4F Y -72.349 -41.823 Lav L Scaly surface texture

26-6A Y p x x x -72.362 -41.866 Lav S Red-grey, dense

26-7A Y p x -72.370 -41.880 Lav S Jointed, dense

02-3A Y p x x -72.403 -41.704 Lav S Fresh, massive

20-3A A x -72.588 -41.883 Lav L Dense, young

20-3B A p x -72.588 -41.883 Lav L Similar to 20-3A

20-4A A p x x x -72.594 -41.879 Lav S Dense, blocky jointing

20-5A A p x x -72.607 -41.880 Lav S Jointed, dense, subglacial?

21-2A A p x x -72.595 -41.880 Lav S Close jointing, subglacial?, dense

21-3A A p x -72.594 -41.879 Lav S Hyaloclastite rind, finely vesicular

21-4A A p x x -72.594 -41.879 Lav S Dense, similar to 21-2A

21-6A A x -72.616 -41.872 Lav S Jointed, porphyritic

21-6B A p x x -72.616 -41.872 Lav S Same as 21-6A, less weathered

21-9B A p x -72.641 -41.850 Lav S Porphyry

21-9C A p x x -72.641 -41.850 Lav S Dense, blocky jointing

827-1B Pu p x -72.525 -44.290 Lav S Vesicular

828-1A Pu p -72.574 -44.326 Lav S Dense, blocky

828-2A Pu p x -72.596 -44.365 Lav S Dense, blocky

828-3A Pu p -72.585 -44.357 Lav S Dense, columnar jointed

828-4A Pu p -72.575 -44.343 Lav S Vesicular

828-5A Pu -72.574 -44.333 Lav S Vesicular

828-7A Pu p x -72.561 -44.320 Lav S Dense

828-8B Pu -72.532 -44.290 Lav S Ropy texture, from roof of lava tube

05-3B Ho x x -72.429 -41.878 Sco C Black scoria from summit

05-3C Ho r x -72.429 -41.878 Sco C Red scoria from summit

19-2E Ho -72.436 -41.860 Sco C Vesicular, in bedded debris deposit

19-2F Ho -72.436 -41.860 Sco C Vesicular, in bedded debris deposit

19-2G Ho -72.436 -41.860 Sco C Vesicular, in bedded debris deposit

24-1A Y -72.396 -41.866 Pum B Rounded, washed in bed

24-2A Y x x -72.397 -41.862 Pum B As 24-1A (yellow, white analysed)

26-4D Y -72.349 -41.823 Pum L Broken pumice

26-4E Y -72.349 -41.823 Pum L Crystal rich pumice

26-5AG Y p x x -72.345 -41.851 Pum L Grey pumice

26-5AY Y p x -72.345 -41.851 Pum L White, yellow pumices

03-1A Y -72.346 -41.842 Pum B Broken fragments in bog section

03-1B Y -72.346 -41.842 Pum B Broken fragments in bog section

03-1D Y -72.346 -41.842 Pum B Broken fragments in bog section

20-3C A x -72.588 -41.883 Sco C Brown scoria from cone

20-3D A x -72.588 -41.883 Sco C Black scoria from cone

P
roxim

al ejecta
Lavas
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Sample

Location

S
ection

X
R

F
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-M
S

P
alaeom
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C
olum

n

Long. Lat.

T
ype

P
osition

Notes

04-1A Hua c -72.478 -41.931 Bas S Metamorphics in LOFZ wall

04-1B Hua c -72.478 -41.931 Bas S Metamorphics in LOFZ wall

04-1C Hua c -72.478 -41.931 Bas S Metamorphics in LOFZ wall

15-4A Hua c -72.466 -41.870 Bas L Gabbro

25-1B Hua c x O -72.295 -41.647 Bas S White, coarse granite

25-10A Hua c x -72.539 -41.739 Bas S Finer, more intermediate granitoid

04-4A Hua c x -72.379 -41.888 Bas S Medium grained, greener granitoid

20-3E A p2 -72.588 -41.883 X C Granitic contact with lava

20-3F A -72.588 -41.883 X C Lava coating exotic

20-3G A -72.588 -41.883 X C Altered granitic

20-3H A p -72.588 -41.883 X C Altered granitic

20-3I A -72.588 -41.883 X C Altered granitic

20-3J A -72.588 -41.883 X C Altered granitic

20-3K A -72.588 -41.883 X C Lava erratic

20-3L A p -72.588 -41.883 X C Granitic xenoliths

20-3M A p -72.588 -41.883 Sco C Lava with melt glass

20-3N A -72.588 -41.883 X C Altered granitic

21-1A A -72.595 -41.880 O S Old hyaloclastite scoria

21-2B A -72.595 -41.880 O S Fine grey tuff in old sequence

21-9A A -72.641 -41.850 O S Pyroclastic flow

21-11A A c -72.657 -41.851 O S Welded tuff

21-12A A c -72.667 -41.851 O S Welded tuff

20-6A A -72.613 -41.876 Sco B Top, from bog section

20-6D A -72.613 -41.876 Sco B From bog section

20-6E A -72.613 -41.876 Sco B Top, from bog section

21-5A A r x I -72.610 -41.879 Sco B Basal scoria

21-5BB A r x I -72.610 -41.879 Sco B Black component (analyse Φ -1,-2)

21-5BY A t I -72.610 -41.879 Sco B Yellow component (analyse Φ -1,-2)

21-5C A x x I -72.610 -41.879 Sco B Analyse Φ -2

21-5D A I -72.610 -41.879 Sco B Basal, yellow component

15-6A A x -72.475 -41.913 Sco B Black (analyse Φ 1)

15-6B A r x -72.475 -41.913 Sco B Black (analyse Φ 1)

24-6A H x F -72.397 -41.881 Sco B Coarse, grey

24-6B H F -72.397 -41.881 Sco B Coarse, grey

24-6D A x F -72.397 -41.881 Sco B Coarse, black

26-8A H r x x E -72.374 -41.887 Sco B Black (analyse Φ -1,-2)

30-3A A x -72.467 -41.877 Sco B Coarse, black

30-3B A x -72.467 -41.877 Sco B Coarse, black

30-3C A -72.467 -41.877 Sco B Coarse, black

30-3D A -72.467 -41.877 Sco B Coarse, black

30-3E A -72.467 -41.877 Sco B Coarse, black

30-3F A x -72.467 -41.877 Sco B Coarse, black

30-7A A -72.474 -41.911 Sco B Coarse, black

30-8A A -72.474 -41.929 Sco B Fine, top part

01-6A H G -72.458 -41.954 Sco B Dark grey, fine, top

01-6B H G -72.458 -41.954 Sco B Coarse, grey, near base

04-2A A x E -72.374 -41.887 Sco B Coarse

819-2B A F -72.396 -41.879 Sco B Coarse, dark

801-1A A E -72.373 -41.886 Sco B Coarsest bed, centre

801-1B H x E -72.373 -41.886 Sco B Coarse

B
edded scoria (proxim

al)
O

ther sam
ple type

B
asem

ent
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Location

S
ection

X
R

F

IC
P

-M
S

P
alaeom

ag.

C
olum

n

Long. Lat.

T
ype

P
osition

Notes

801-1C H E -72.373 -41.886 Sco B Coarse

801-1D H E -72.373 -41.886 Sco B Coarse

801-1G H E -72.373 -41.886 Sco B Coarsest bed, centre

826-3A Pa x x -72.334 -43.668 Sco B Coarse, base

826-3B Pa x x -72.334 -43.668 Sco B Coarse, centre

826-3C Pa x x -72.334 -43.668 Sco B Coarse, top

826-4A Pa x -72.335 -43.687 Sco B Coarsest bed

827-1A Pu -72.525 -44.290 Sco B Stratified ash block

828-6A Pu x x -72.569 -44.354 Sco B Coarse, lower unit

828-6B Pu x -72.569 -44.354 Sco B Coarse, upper unit

828-8A Pu -72.532 -44.290 Sco B Bedded ash, on top of lava flow

803-5C LaVig x x Y -72.283 -41.409 Sco B Bedded black ash

803-6A LaVig -72.273 -41.385 Sco B Coarse ash

C16-G7B Mi x -72.468 -42.950 Sco C Bedded, on slopes of cone

C16-G7C Mi -72.468 -42.950 Sco C Large cinders in bedded scoria

B
edded scoria (proxim

al)
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Sample

A
rea

C
olum

n

IC
P

-M
S

Long. Lat.

T
ype

S
ource

Notes

13-1C Hornopirén A -72.457 -42.076 Pumice Cha1 White pumice in clay

13-1E Hornopirén A x -72.457 -42.076 Scoria Ap1 Very fine, dark grey

13-1F Hornopirén A -72.457 -42.076 Scoria Ap1 Oxidised top to 13-1E

13-3A Hornopirén B x -72.436 -42.004 Scoria Ap1 Very fine, grey

13-3B Hornopirén B -72.436 -42.004 Scoria Ap1 Fine, dark grey

13-3C Hornopirén B x -72.436 -42.004 Scoria Ap1 Fine, dark grey to black

20-1A Hornopirén C -72.424 -41.965 Pumice Cha1 Pumice soil mix

20-1B Hornopirén C -72.424 -41.965 Pumice Cha1 Sandy pumice

20-2A Hornopirén B -72.434 -41.997 Scoria Ap1 Stratified, grey

20-2C Hornopirén B x -72.434 -41.997 Pumice Cha1 White pumice in clay

20-2D Hornopirén B x -72.434 -41.997 Yellow ash Cha1 Pumice flecks

24-6C Hornopirén F x -72.397 -41.881 Scoria Ho1 Grey, white 'rootlets'

24-8A Hornopirén H x -72.494 -41.948 Pumice Cha1 Millet seed texture in clay

26-8B Hornopirén E x -72.374 -41.887 Pumice Cha1 Millet seed texture in clay

17-1A W Hualaihue -72.712 -41.827 Weathered ash? Ca? Orange unit, unclear if tephra

17-1B W Hualaihue -72.712 -41.827 Pumice Ca? In glacial sands, oldest

17-1C W Hualaihue -72.712 -41.827 Pumice Ca? In glacial sands

17-1D W Hualaihue -72.712 -41.827 Pumice Ca? In glacial sands, youngest

23-9A Yate M x -72.438 -41.715 Scoria YaSc Lead grey, coarse, on lava

14-1A N of Yate J x -72.507 -41.725 Grey ash Ap1 Mid-grey

14-4A N of Yate -72.062 -41.730 Yellow ash Ca? Pumiceous

14-5A N of Yate Q x -72.026 -41.750 Yellow ash Tagua Pumiceous

14-5B N of Yate Q x -72.026 -41.750 Grey ash Ap1 Fine ash

14-5D N of Yate Q x -72.026 -41.750 Yellow ash Ca11? Orange, Sandy, pumiceous

14-7A N of Yate Q x -72.028 -41.749 Yellow ash Ca11? Orange, weathered, sandy

23-1A N of Yate -72.265 -41.656 Pumice Ca? Washed into river sands

23-1C N of Yate -72.265 -41.656 Pumice Ca? Washed into river sands

23-2A N of Yate P x -72.225 -41.636 Pumice Ca13 Pumice in clay

23-5A N of Yate N x -72.392 -41.702 Pumice Cha1 Orange-white, sandy

23-11A N of Yate L -72.459 -41.723 Weathered ash? Ca1 Orange unit, unclear if tephra

23-11E N of Yate L x -72.459 -41.723 Grey ash Ap1 Fine ash

25-1A N of Yate O x -72.295 -41.647 Pumice Cha1 White, sandy

25-4A N of Yate S -72.320 -41.586 Pumice Ca1 Orange pumice

25-5C N of Yate S x -72.319 -41.582 Pumice Ca1 Deep orange pumice

25-5D N of Yate S -72.319 -41.582 Pumice Ca2 Deep orange pumice

25-5G N of Yate S x -72.319 -41.582 Yellow ash Ca11 Very fine ash

25-5H N of Yate S x -72.319 -41.582 Pumice Ca12 Coarse pumice, poorly sorted

25-5I N of Yate S -72.319 -41.582 Yellow ash Ca12/13 Fine ash

25-5L N of Yate S -72.319 -41.582 Pumice Ca13 Coarse pumices (resin mounted)

25-5M N of Yate S x -72.319 -41.582 Pumice Cha1 White, sandy

25-5N N of Yate S x -72.319 -41.582 Pumice Ca7 Orange, rounded pumices

25-6A N of Yate U -72.297 -41.533 Pumice Ca1 Orange, very soft pumices

25-7A N of Yate T -72.311 -41.561 Pumice Ca12 Coarse pumices (resin mounted)

802-2A N of Yate O x -72.289 -41.647 Yellow ash Ca11? Fine, pumiceous

802-5A N of Yate T -72.311 -41.560 Pumice Ca13 Yellow-brown pumices

802-5B N of Yate T -72.311 -41.560 Pumice Ca12 Yellow-brown pumices

803-1A N of Yate V x -72.285 -41.519 Yellow ash Ca3 Orange, fine pumice

803-1B N of Yate V x -72.285 -41.519 Pumice Ca4 Orange, coarse pumice

Source refers to eruption labels detailed in Chapter 6.

Tephra samples
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A
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n
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-M
S

Long. Lat.

T
ype

S
ource

Notes

803-1C N of Yate V x -72.285 -41.519 Yellow ash Ca5 Fine, pumiceous

803-1D N of Yate V x -72.285 -41.519 Yellow ash Ca8 Fine, pumiceous

803-1E N of Yate V x -72.285 -41.519 Yellow ash Ca10 Very fine

803-1F N of Yate V x -72.285 -41.519 Yellow ash Ca11 Yellow-orange, very fine

803-2B N of Yate -72.308 -41.467 Pumice Ca? Yellow, coarse pumice

803-2C N of Yate -72.308 -41.467 Pumice Ca? Yellow, coarse pumice

803-5A N of Yate Y x -72.283 -41.409 Pumice Ca12 Yellow-brown pumices

803-5B N of Yate Y x -72.283 -41.409 Pumice Ca13 Yellow-brown pumices

820-1A Ayacara -72.784 -42.314 Ash and pumice Cha1 Weathered, poorly sorted

825-1A N of Chaitén -72.581 -42.611 Pumice Cha1 Yellow, coarse pumice

825-1B N of Chaitén -72.581 -42.611 Pumice Cha1 Top, pumice in clay

825-2A N of Chaitén x -72.577 -42.706 Pumice Cha1 Coarse pumice (thin sectioned)

826-1A N of Palena -72.345 -43.580 Yellow ash Yan1 Fine ash

829-1A La Junta -72.387 -44.151 Pumice Mel1 Yellow, coarse pumice

829-1B La Junta -72.387 -44.151 Pumice Mel2 Yellow pumice

C06-6C Los Alerces -71.618 -42.822 Pumice Mic2 White pumice

C12-C2 Futaleufú -72.073 -43.367 Pumice Cor? Orange, fine pumice

C15-F2C Chaitén -72.676 -42.810 Pumice Cha? Thin basal pumice

C15-F2D Chaitén -72.676 -42.810 Pumice Cha? Above F2C

C15-F2E Chaitén -72.676 -42.810 Pumice Cha? Top pumice, coarse

C15-F2G Chaitén -72.676 -42.810 Pumice Cha? Parallel bedded, coarse base

C15-F2H Chaitén -72.676 -42.810 Yellow ash Cha? Fine, laminated, above F2G

C15-F2I Chaitén -72.676 -42.810 Pumice Cha? Coarse lens, above F2H

C15-F2J Chaitén -72.676 -42.810 Pumice Cha? Coarse unit, cross stratified

C15-F2K Chaitén -72.676 -42.810 Pumice Cha? Lithic rich with obsidians, top

C15-F2L Chaitén -72.676 -42.810 Obsidians Cha? Basal debris flow

C15-F2M Chaitén -72.676 -42.810 Pumice Cha? Bulk indurated basal unit

C16-G7A Minchinmávida -72.468 -42.950 Pumice Mic? Millet seed texture in clay

C17-H10A Minchinmávida -71.899 -43.193 Pumice Mic? Yellow reworked pumice
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Samples used only for tephra correlation, with overall poor analyses except for elements shown

Ca3 Ca4
ppm 26-5AG 24-2A 24-8A 20-2C 23-5A 25-1A 20-2D 25-5M 825-2A 803-1A 803-1B

V 92 96 49 12 27 23 85 21 2 248 269
Cr 15 15 7 4 6 6 10 6 0 21 16
Co 8 8 3 1 8 3 10 3 1 30 29
Zr 205 199 92 77 80 83 83 62 77 105 87
Nb 5.6 5.7 9.1 8.0 8.4 7.9 7.4 7.1 6.1 3.7 3.0
Ba 594 594 541 483 460 458 408 408 484 72 45
Hf 5.0 4.9 2.5 2.2 2.3 2.4 2.5 1.9 2.4 2.8 2.3
Ta 0.4 0.4 0.8 0.8 0.8 0.8 0.8 0.5 0.2 0.2 0.2
Ti 3835 4010 1981 846 1143 1235 2653 1309 725 8136 7887
K 25259 25685 25834 24216 23541 23005 16009 19913 20017 1225 883

Ca5 Ca8 Ca10 Ca13
ppm 803-1C 803-1D 803-1E 25-5G 802-2A 14-5D 803-1F 14-7A 803-5A 25-5H 803-5B

V 299 275 209 230 231 259 210 201 142 191 171
Cr 20 22 13 14 9 12 9 9 5 7 4
Co 20 23 23 24 20 24 20 22 17 20 20
Zr 98 79 82 75 119 108 89 96 109 85 92
Nb 2.8 2.4 2.6 2.5 3.8 3.4 3.1 3.1 3.2 2.8 2.9
Ba 37 73 72 53 54 79 99 90 178 158 145
Hf 2.7 2.0 2.0 1.8 2.9 2.6 2.6 2.5 2.5 2.5 2.2
Ta 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Ti 7661 6035 5718 6154 6538 6897 5712 6345 4733 5563 5403
K 823 2134 2067 1508 1710 2627 2659 2254 7118 4873 5810

Ya1 Cha1

Ca12Ca11
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Appendix C

Palaeomagnetic directional data

Volcano Demagnetisation Sample Declination (deg.) Inclination (deg.)

Hornopirén Alternating field 15-5A 33.1 -51.6

Hornopirén Alternating field 30-2A 13.3 -69.3

Hornopirén Alternating field 30-9A 23 -53.6

Hornopirén Alternating field 21-15B 1.7 -57.4

Hornopirén Alternating field 24-3A 12.1 -59.2

Yate Alternating field 23-12A -5.5 -64.5

Yate Alternating field 23-10A -4.3 -51.8

Yate Alternating field 02-3A 47.8 -74.6

Yate Alternating field 23-8A 15.1 -60.6

Yate Alternating field 26-3A -67.7 -68.6

Yate Alternating field 26-2A -30.3 -59.5

Yate Alternating field 26-4A 9.4 -49.6

Yate Alternating field 26-6A 11.8 13.2

Apagado Alternating field 20-4A -14.3 -57.4

Apagado Alternating field 21-9C 176.9 55.3

Hornopirén Thermal 15-5A 21.8 -38.3

Hornopirén Thermal 30-2A 21.4 -70.8

Hornopirén Thermal 30-9A -3.1 -54.4

Hornopirén Thermal 21-15B 7.1 -55.6

Hornopirén Thermal 24-3A 8.4 -55.8

Yate Thermal 23-12A -12.7 -60.2

Yate Thermal 23-10A -19.1 -50.0

Yate Thermal 02-3A 77 -72.9

Yate Thermal 23-8A 11.7 -63.1

Yate Thermal 26-3A -74.9 -68.2

Yate Thermal 26-2A -10.4 -59.7

Yate Thermal 26-4A 27.8 -58.9

Yate Thermal 26-6A -0.2 5.6

Apagado Thermal 20-5A -42.1 -86.1

Apagado Thermal 20-4A -9.4 -57.3

Apagado Thermal 21-6A -17.2 -50.5

Apagado Thermal 21-9C 179 42.3
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Appendix D

Thin section descriptions

15-5A

Finely holocrystalline, groundmass dominated by tabular plagioclase set in a cryptocrystalline matrix approaching a 
trachytic texture. Scattered irregular vesicles. Blocky phenocryst plagioclase, commonly sieve-textured and normally 
zoned, often glomeroporphyritic with olivine. Olivine rounded, usually small, often clustered, with narrow fayalitic rims and 
reaction corona of orthopyroxene, sometimes with outer rim of augite. Orthopyroxene as less common phenocryst, small 
and tabular. Coarse Cr-spinel often as euhedral inclusions in olivines, but also in groundmass. Groundmass dominated 
by plagioclase laths, with euhedral augite, orthopyroxene and less common pigeonite, and ubiquitous fine grained Ti-
magnetite.

15-7A

Highly and irregularly vesicular, holocrystalline with cryptocrystalline matrix. Plagioclase and olivine phenocrysts appear 
as in 15-5A, with olivines very commonly showing an alteration corona of finely crystalline orthopyroxene or pigeonite. 
Rare subhedral augite (xeno?)phenocryst, sector zoned. Groundmass predominantly plagioclase with euhedral 
orthopyroxene, pigeonite and augite. Coarse Cr-spinel common, usually associated with olivine. Groundmass Ti-
magnetite extremely fine grained.

19-1A

Holocrystalline, with cryptocrystalline black matrix and regular small rounded vesicles. Euhedral blocky plagioclase 
phenocrysts dominate, some with sieve-textured interiors and/or normal zoning, as above. Glomerocrysts of olivine, 
sometimes with plagioclase, rarely with micrographic intergrowths, also common, with thin fayalitic rim and reaction 
corona of orthopyroxene or pigeonite, itself often with narrow rim of clinopyroxene. Groundmass and oxides as in 15-5A.

19-1B

Holocrystalline, cryptocrystalline matrix dominated by plagioclase laths, scattered small vesicles and groundmass 
euhedral orthopyroxene, pigeonite and augite and Ti-magnetite. Euhedral phenocrysts of plagioclase and rounded 
olivines, as above. Less commonly euhedral tabular orthopyroxene as phenocrysts. Groundmass and oxides as in 15-5A. 
Some groundmass pyroxene is highly aluminous (>7.5%) and TiO rich (>1%). Slide contains coarse-grained gabbroic 
clot of olivine and plagioclase, same composition as phenocrysts, with glassy interstitial matrix.

19-4A

Finely holocrystalline, with some cryptocrystalline black matrix. Olivine phenocrysts small and rounded, occasionally as 
glomerocrysts, with or without plagioclase, and Cr-spinel often associated. Olivine coronae sometimes thick, of 
orthopyroxene or less commonly clinopyroxene + Ti-magnetite, in some cases only remaining as embayed relic core to 
orthopyroxene phenocryst (these are subhedra, uncommon and have clinopyroxene rim). Larger plagioclase phenocrysts 
common, some with sieve textured cores; also microphenocrystal plagioclase with included mantles. Groundmass of 
plagioclase laths, three pyroxenes and euhedral Ti-magnetite in a range of feathery or dendritic forms. Contains coarse 
olivine and plagioclase clot.

21-14A

Sparsely vesicular, holocrystalline, fine groundmass set in cryptocrystalline matrix. Laths and rhombs of phenocryst 
plagioclase, often with sieve texture interiors and normally zoned. Olivines abundant, usually small, often euhedral to 
subhedral, occasionally rounded, often as glomerocrysts with plagioclase. More Mg-rich olivines have thin fayalitic rim, 
but none have reaction coronae; Cr-spinel associated. Groundmass dominated by plagioclase laths, with orthopyroxene 
and pigeonite showing thin augitic rims. Ti-magnetite extremely fine.

21-15B

Dense, sparsely vesicular, holocrystalline. Olivine phenocrysts common, euhedral to subhedral, occasionally 
glomerocrysts, with fayalitic rims, and in cases alteration jackets of orthopyroxene; commonly associated with Cr-spinel. 
Plagioclase phenocrysts tabular or lath shaped, some with sieve textured cores or associated with olivines. Groundmass 
plagioclase laths, orthopyroxene and augite, with rarer olivine, and Ti-magnetite in feathery and dendritic forms.

Hornopirén
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24-3A

Holocrystalline, with microcrystalline matrix. Groundmass texture distinctive, with oxides as euhedral evenly distributed 
phase. Coarse grained groundmass oxides Ti-rich (ülvospinel), while finer groundmass oxides are low Ti as in above 
samples. Occasional pure magnetite also. Cr-spinel usually associated with olivine. Phenocryst olivine, subhedral with 
fayalitic rims and orthopyroxene reaction coronae. Rarer olivines show highly forsteritic skeletal patches with fayalitic 
replacement texture. Plagioclase phenocrysts tabular, some sieve textured, some in glomerocrysts with olivine. 
Orthopyroxene a less common phenocryst phase, with clinopyroxene rims. Groundmass dominated by plagioclase laths, 
with oxides and three pyroxenes, as above.

24-7A

Holocrystalline, moderately vesicular, with patchy cryptocrystalline matrix. Phenocrysts of olivine and plagioclase. Olivine 
euhedral to subhedral, with fayalitic rims and orthopyroxene coronae, occasionally as thick jackets around olivine core, 
and Cr-spinel associated. Plagioclase tabular, occasionally sieve textured and commonly in glomerocrysts with olivine. 
Groundmass of plagioclase laths and three pyroxenes, with euhedral Ti-magnetite. Some groundmass clinopyroxene 
alumina rich. Contains coarse grained clot of phenocryst olivine and plagioclase.

30-2A

Holocrystalline, with cryptocrystalline matrix. Olivine common as phenocryst, euhedral to rounded, or anhedral in 
glomerocrysts with plagioclase. Fayalitic rims, and commonly with alteration jacket of orthopyroxene, sometimes with 
oxides. Plagioclase common phenocryst, tabular, normally zoned, often with sieve textures. Coarse euhedral Cr-spinel 
associated with olivine or plagioclase, or occasionally in groundmass with Cr-poor rims. Orthopyroxene rimming olivine or 
in groundmass, commonly rimmed with augite. Groundmass dominated by laths of plagioclase, with tabular 
orthopyroxene and euhedral augite, and feathery and dendritic Ti-magnetite.

30-9A

Holocrystalline, with a wholly microcrystalline groundmass, more so than any other Hornopirén lava samples. Subhedral 
to anhedral olivine phenocrysts, with more fayalitic rim, and thin reaction rim of orthopyroxene or pigeonite, also often 
associated with Cr-spinel. Rarer groundmass olivines, more fayalitic, with jackets of orthopyroxene. Phenocryst 
plagioclases, many with sieve textured cores and normal zoning, often as glomerocrysts with or without olivine. 
Groundmass a mix of fine grained plagioclase laths and euhedral stubby augite, pigeonite and orthopyroxene, often in 
fine grained clusters and with calcic rims to low-Ca cores. Ti-magnetite euhedral, often in clusters.

05-3A

Holocrystalline, with microcrystalline groundmass and some cryptocrystalline matrix. Plagioclase phenocrysts tabular and 
abundant, commonly with normal zoning, some with sieve textured cores. Olivine phenocrysts with fayalitic rims and 
coronae of orthopyroxene or clinopyroxene, sometimes with plagioclase. Cr-spinel associated with phenocrysts. Rare 
groundmass olivines, more fayalitic. Uncommon euhedral augite phenocrysts. Groundmass of plagioclase laths, 
orthopyroxene, augite and euhedral Ti-magnetite.

05-3C

Highly vesicular red scoria, finely crystalline, glassy matrix. Rare phenocrysts of euhedral plagioclase and euhedral to 
rounded olivine. Plagioclase pitted, appears unstable. Olivine variably altered along grain boundaries and crystal planes, 
with patchy development to aggregate of hematite and an amorphous, more fayalitic, component. Occasional plagioclase 
and olivine glomerocrysts, with Cr-spinel associated. Finely crystalline clinopyroxene, pigeonite and plagioclase in matrix. 
Subcalcic augite to pigeonite coating plagioclase phenocrysts.

23-8B

Holocrystalline, moderately vesicular, highly porphyritic. Plagioclase phenocrysts dominate, abundant small and tabular 
grains, but commonly large, euhedral, often square, with included cores or mantles, and normal zoning, and often in 
glomerocrysts with syneussis intergrowths. Olivine less common, rounded, small, often zoned, with fayalitic rims, usually 
with corona of pigeonite or clinopyroxene, sometimes with plagioclase or Ti-magnetite. Augite phenocrysts also, small 
and subhedral to rounded, some with inclusions of Ti-magnetite, perhaps replacment of olivine, zoned with Fe-rich Ca-
poor rims. Microcrystalline groundmass dominated by plagioclase laths, with euhedral pigeonite, augite and Ti-magnetite, 
both coarse-grained and a ubiquitous fine-grained Ti-richer type. Occasional fayalitic groundmass olivine.

23-10A

Holocrystalline, phenocryst phase dominated by plagioclase, commonly lath shaped and not as coarse or blocky as in 23-
8B and 12B. Plagioclase phenocrysts often with included core or mantle, occasionally with a secondary included rim, and 
showing normal zoning. Olivines a common phenocryst phase, larger subhedral grains with a more fayalitic rim, smaller 
rounded grains unzoned. In all cases with reaction coronae of orthopyroxene, sometimes thick, often also plagioclase. 
Coarse euhedral Cr-spinel associated with olivine, or glomerocryst plagioclase and olivine. Phenocryst orthopyroxene 
common, green coloured, euhedral, often with patchy embayed olivine inclusions, where replaced, and with Fe-rich or 
augitic rim. Groundmass of plagioclase, pigeonite, augite and less commonly orthopyroxene, with coarse euhedral Ti-
magnetite with significant Cr, and fine scale high-Ti Ti-magnetite with low-Cr.

23-12B

Holocrystalline, very similar to 23-8B. Plagioclase phenocrysts dominate, often as glomerocrysts, blocky, with included 
cores or mantles, often normally zoned, with some inverse zoning outside included mantles. Smaller tabular plagioclase 
also common. Euhedral to anhedral olivines a secondary phenocryst phase, commonly in glomerocrysts with 
plagioclase, with fayalitic rims and coronae of pigeonite and plagioclase. Microcrystalline groundmass of plagioclase with 
euhedral pigeonite and augite, and less commonly olivine, but without reaction coronae. Coarse scale oxides of Ti-
magnetite, relatively Ti-poor, some as inclusions in olivine, also fine scale Ti-richer grains.

Yate
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26-2A

Porphyritic, with finely microcrystalline groundmass set in glass, giving very clear distinction between phenocrysts and 
groundmass. Tabular or lath shaped plagioclase dominant phenocrysts, commonly with glassy inclusions in the core, and 
with normal zoning. Large glomerocrysts common. Secondary phenocryst phases of orthopyroxene and augite, both 
common. Clinopyroxene green and mildly pleochroic. Some orthopyroxene with symplectite cores of magnetite, often 
centered around embayed patchy olivine as a replacement texture. Pyroxenes unzoned. Occasional euhedral 
clinoppyroxene rims to rounded, with clinopyroxene lamellar twinned. Groundmass of fine scale plagioclase laths, 
euhedral orthopyroxene and pigeonite, and apatite, commonly associated with pyroxene phenocrysts, all in glass. The 
only olivine is as embayed patchy cores to euhedral orthopyroxene phenocrysts, rarely with Cr-spinel associated. Coarse 
Ti-magnetite common; that in olivine-magnetite symplectites is Ti-poor, while fine groundmass Ti-magnetite is Ti-rich. 
Occasional pyrite and ilmenite, rare magnetite, all in groundmass.

26-3A

Crystalline, very similar to 26-2A, but with slightly coarser microcrystalline and cryptocrystalline groundmass. Plagioclase 
phenocrysts dominate, commonly tabular with included cores and normal zoning, or smaller and lath like, often in 
glomerocrysts with pyroxene. Brown-green pleochroic augite phenocrysts common, some with reverse zoning in Fe (Fe-
poorer rims). Orthopyroxene a common phenocryst, often rounded, commonly with thick jacket of augite, and often as a 
replacement of olivine, with symplectite of oxides and patchy olivine core. Olivine rare, as patchy cores to orthopyroxene. 
Coarse Ti-magnetite phenocrysts. Groundmass of plagioclase, orthopyroxene, pigeonite and apatite but, like 26-2A, not 
augite. Ti-magnetite as symplectite or in groundmass, where Ti-richer. Groundmass ilmenite relatively common, pyrite 
and magnetite occasional.

26-4A

Holocrystalline, microcrystalline to cryptocrystalline matrix. Tabular to lath shaped plagioclase pehnocrysts dominant, 
some cores included, also pyroxene inclusions, but mainly clean, euhedral, normal zoning. Olivine phenocrysts, thin 
fayalitic rims, euhedral Cr-spinel inclusions, some with thin orthopyroxene and Ti-magnetite coronae, rarely as core 
altered to orthopyroxene phenocrysts as symplectite texture, and in such cases a more fayalitic olivine, thus presumed to 
be xenocrystal grains. Augite phenocrysts common, occasionally twinned, brown green pleochroic, also often as lamellar 
twinned thick jackets to orthopyroxene, some only as skeletal form, some with minor Cr content. Orthopyroxene 
phenocrysts euhedral, green/yellow, often as glomerocrysts, sometimes with plagioclase. Groundmass dominated by 
plagioclase, olivine relatively common, without coronae. Rare alkali feldspar. Augite common, and apatite. Coarse Ti-
magnetite, occasional Cr-spinel with Cr-poor Ti-rich rims. Fine groundmass Ti-magnetite less common than in above 
samples. Occasional pyrite and chalcopyrite.

26-5AG
Glassy grey pumice, abundant phenocrysts, dominated by plagioclase, mostly euhedral, some with sieve textured cores 
or normal zoning. Euhedral orthopyroxene also common, greenish clinopyroxene slightly less common. Apatite as 
inclusions in pyroxenes. Coarse oxides abundant, particularly Ti-magnetite, ilmenite also frequent.

26-5AW
White pumice, highly similar to 26-5AG, but with greater vesicularity, accounting for the colour difference, and thus a 
more distinct phenocryst phase.

26-6A

Tabular to lath-shaped plagioclase phenocrysts dominant, mostly clean, sometimes strong normal zoning, occasionally 
part reversed outside mantle, some included cores, occasionally highly altered to pseudomoprh aggregates with augite. 
Olivine common, euhedral to subhedral, more fayalitic rim, commonly narrow reaction coronae of orthopyroxene, Cr-
spinel associated. Occasional in groundmass as embayed cores with thick orthopyroxene jackets. Phenocryst 
orthopyroxene more common than augite, often reverse zoned (Fe-poorer) rims, or twinned augite rims. Phenocryst 
augite, minor Cr in lower Fe grains, normally zoned (Fe-richer) rims. Microcrystalline groundmass, plagioclase laths, 
orthopyroxene, augite, common apatite, often with pyroxene or plagioclase phenocrysts. Fine grained clot of plagioclase, 
augite and orthopyroxene. Glass as stringy patches or interstitial to glomerocrysts. Coarse Ti-magnetites, less than in 26-
2A, 3A, 4A, some approaching magnetite. Ilmenite, often intergrown with Ti-Mag. Fine groundmass Ti-richer magnetite, 
some ilmenite, minor chalcopyrite.

26-7A

Crystalline, occasional large phenocrysts of olivine and plagioclase, common smaller phenocrysts of plagioclase, olivine, 
augite, orthopyroxene and oxides. Olivines euhedral to subhedral, with fayalitic rims and alteration coronae of pyroxene 
and plagioclase. Small phenocryst to groundmass scale olivines often as embayed cores with thicker orthopyroxene 
jacket, some with oxide symplectite, though others subhedral and without reaction rim. Plagioclase occasionally large 
and blocky, mostly tabular and euhedral to subhedral, strongly normally zoned. Orthopyroxene common phenocryst, 
subhedral, usually with Fe-poorer Mg-richer rim, some with jacket of clinopyroxene. Clinopyroxene commonly twinned, 
some with Fe-richer rims with minor Ti, others with minor Cr. Microcrystalline groundmass of plagioclase, orthopyroxene, 
pigeonite, augite and apatite, with some glass, and Ti-magnetite. Coarser oxide phase of Ti-magnetite, and Cr-spinel 
associated with olivines, usually as inclusions. Minor ilmenite, pyrite, chalcopyrite, rare zircon, presumed xenocrystal.

02-3A

Holocrystalline, densely porphyritic, phenocryst phase dominated by plagioclase, strongly normally zoned and blocky to 
tabular, often with cracked or heavily included cores and mantles. Olivine a secondary phenocryst phase, subhedral to 
rounded and embayed with ubiquitous reaction coronae of orthopyroxene, with occasional oxide symplectite developed. 
Mostly relatively fayalitic and unzoned, but occasionally with more forsteritic core and fayalitic rim. Phenocryst augite and 
orthopyroxene also common, euhedral to subhedral, and commonly with augite jackets to orthopyroxene. Groundmass 
plagioclase dominant. Uncommon alkali feldspar and quartz also present, particularly in interstitial space among 
glomerocrystal clots. Groundmass orthopyroxene, pigeonite and augite common, with small amounts of ferrohypersthene 
as well as hypersthene/bronzite. Apatite rare, as inclusions in plagioclase. Ti-magnetite predominant oxide, ilmenite 
relatively common, minor chalcopyrite. Baddeleyite (ZnO2) and zircon rare as very fine (<5 micron) euhedral grains.
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20-3B

Finely vesicular, holocrystalline, small phenocrysts dominated by olivine, euhedral to subhedral, some with reaction 
coronae of augite and plag, occasionally as embayed xenocrystal larger fragments with fayalitic rim or reverse zoning to 
composition of small phenocrysts. Plagioclase absent as phenocrysts. Augite phenocrysts secondary, small and 
euhedral, without normal zoning, commonly sector zoned with hexagonal habit. Cr-spinel commonly associated with 
olivine. Microcrystalline matrix of acicular plagioclase, and augite, olivine and pigeonite, and Ti-magnetite common with 
feathery or dendritic habit; magnetite also present.

20-3E

Two scoria samples, comprising two distinct halves, the first derived from a granitoid protolith, with an extremely crumbly 
altered texture, with altered quartz to a dirty glass and granitic textured plagioclase, pitted and with irregular twin planes, 
and dark patches replacing former mafic minerals now replaced by aggregates of Ti-magnetite, clinopyroxene and 
feldspar or orthopyroxene or olivine and plagioclase. This grades into contact zone with fine grained lava, with some 
interpenetration of coarse quartz or plagiocalse and lava. Lava fine grained and essentially identical to 20-3B, with a 
cryptocrystalline matrix. Olivine is the main phenocryst phase, with minor clinopyroxene, both subhedral, occasionally in 
glomerocrysts. Groundmass of plagioclase, olivine and (some highly aluminous) clinopyroxene, with Cr-spinel associated 
with olivine. Groundmass oxides extremely fine-grained.

20-3H

Altered granitoid, as Ap1 ejecta, crumbly, texturally plutonic, but altered to fine grained patches, including dark regions 
which may reflect infliltration by host basaltic melt. Granitoid mafics replaced by fine-grained aggregates of 
clinopyroxene, glass and magnetite or ol, plag and magnetite. Quartz and feldspar survive, though alteration seen in twin 
planes and as cloudiness, with some sieve textures. Sphene and apatite, as well as variably titaniferous magnetite. 
Ilmenite with excess Ti as alteration rim to sphene and included in plagioclase.

20-3L

Plutonic, showing no signs of magmatic alteration, found as ejecta in Ap1 scoria, presumed to be protolith for altered 
samples above. Granodioritic-tonalitic assemblage. Plagioclase predominant, quartz abundant, small amounts of 
interstitial alkali feldspar. Biotite (with significant Cl) and hornblende (green pleochroic), in approximately equal 
proportions, with biotite commonly altered to chlorite. Plagioclase commonly with strong oscillatory zoning. Occasional 
aplitic patches of biotite, quartz and hornblende. Coarse magnetite very common, euhedral and often clustered with 
mafics. Fine grained zircon, common apatite, sphene, rare and very fine uranothorite.

20-3M
Ap1 scoria piece with thin glass coating on one surface. Lava is fine grained, cryptocrystalline, with olivine phenocrysts, 
subhedral and occasionally in glomerocrysts, highly vesicular in parts but with vesicle poor clots, but otherwise as 20-3B.

20-4A

Holocrystalline, relatively coarse, olivine dominant as subhedral to rounded phenocrysts, slightly zoned, often with 
discontinuous orthopyroxene rim, sometimes thick around a relic olivine core. Plagioclase common as phenocryst, 
tabular euhedral to anhedral, with normal zoning. Coarse Ti-magnetite common, euhedral, often with well-developed 
ilmenite lamellae in three growth orientations. Groundmass of acicular plagioclases overgrowing much coarser 
clinopyroxenes as ophitic intergrowth. Orthopyroxene, pigeonite and augite also in groundmass, with green coloured 
augite dominant. Quartz a rare groundmass phase. Alkali feldspar widely distributed but uncommon, fine-grained. 
Occasional alumina-rich glassy clots, associated with quartz, alkali feldspar and minor oxide phases (e.g., rare 
baddeleyite). Ilmenite and Ti-magnetite in groundmass, Cr-spinel common in association with olivine.

20-5A

Holocrystalline, relatively fine, with very well developed trachytic groundmass, defined by subparallel plagioclase laths. 
Phenocrysts euhedral, commonly in glomerocrysts, dominated by olivine, with forsterite-rich cores associated with Cr-
spinel and more fayalitic rims, without reaction coronae. Plagioclase as secondary phenocryst phase, euhedral to 
subhedral, often with included cores, sometimes altered to aggregate of olivine, augite and oxides. Trachytic alignment 
around phenocrysts, flow related. Olivine common in groundmass, in equilibrium. Augite also abundant in groundmass, 
euhedral, often finer grained and in dendritic forms, and extremely fine Ti-magnetite.

21-2A

Fine grained, holocrystalline, phenocryst phase dominated by olivine, subhedral to rounded, with narrow more fayalitic 
rim, but without reaction coronae. Plagioclase a secondary phenocryst phase, without inclusions, with normal zoning. 
Groundmass dominated by plagioclase laths, with pigeonite and augite common, and a subophitic texture. Groundmass 
olivine common, small and rounded, occasionally rimmed by augite and plagioclase. Quartz widespread but uncommon, 
cracked but euhedral grains appear to be late stage. Ti-magnetite euhedral, relatively coarse, almost ubiquitously with 
ilmenite lamellae, though both also occur as individual grains. Cr-spinel common in olivine as inclusions, less common in 
groundmass, where zoned to Ti-richer composition.

21-3A

Holocrystalline, coarsely vesicular. Phenocrysts dominated by olivine, commonly as glomerocrysts, euhedral to 
subhedral, with inclusions of Cr-spinel, and a more fayalitic outer rim. Plagioclase also common, euhedral to subhedral, 
not included, with normal zoning. Groundmass microcrystalline, with cryptocrystalline patches, dominated by plagioclase, 
augite and olivine also abundant. Olivines small and subhedral, often with fayalitic outer rim, and also present as 
extremely fine grained laths. Groundmass augite occasionally of scale of olivine and plagioclase, but usually much finer 
laths or equant grains, often in dendritic forms, the fine grains being highly aluminous (up to 7.8 wt% alumina), while the 
coarse grains are of more normal composition. Ti-magnetite uncommon and very fine grained, Cr-spinel the only coarse 
groundmass oxide.

Apagado
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21-4A

Holocrystalline, similar to 21-2A, but sub-trachytic texture. Olivine dominant phenocryst, euhedral, often glomerocrysts, 
common edge alteration to iddingsite, narrow more fayalitic rims, discontinuous orthopyroxene coronae common, Cr-
spinel often included. Plagioclase very common phenocryst, often included cores, some heavily altered, normal zoning; 
clean phenocrysts often more calcic. Groundmass dominated by plagioclase, augite and pigeonite abundant, often 
intergrown, pigeonite core, augitic rim; orthopyroxene also. Alkali feldspar widespread, fine. Groundmass oxides often 
approaching magnetite, ilmenite lamellae commonly associated. Ti-magnetite common, but not dominant, occasionally 
rutile lamellae associated. Groundmass olivines as two forms, often relics with orthopyroxene jacket as Ti-magnetite 
symplectite (cf. Yate), but also as rounded forsterite with fayaltitic rim penetrating grain interior as feathery lamellar 
growths, uneven and slightly curved, but apparently some crystallographic control, the forsteritic component in some 
cases >96 wt% MgO, the fayalitic correspondingly more Fe-rich than seen elsewhere in these volcanics, origin unclear.

21-6B

Porphyritic, texturally distinct from all above Apagado samples, with coarse blocky phenocrysts, plagioclase dominant, 
often large, euhedral grains amalgamated from several laths, commonly heavily included mantles and lightly included 
cores, the whole normally zoned, others cleaner but just as calcic, if not more so. Augite common phenocryst, green, 
some lamellar twinned, subhedral, tabular or lath like, also rimming orthopyroxene and twinned (as in some Yate 
samples). Orthopyroxene and pigeonite also as phenocrysts, and olivine relatively common, euhedral to subhedral, often 
altered with entire pseudomorph or sector replacement to fine grained green-brown aggregate of clays and carbonates, 
that remaining with thin fayalitic rim and narrow orthopyroxene coronae. Groundmass fine to cryptocrystalline, dominated 
by plagioclase and pigeonite, augite uncommon, no orthopyroxene. Cr-spinel in association with olivine, Ti-magnetite 
abundant, often coarse, euhedral. Ilmenite as individual grains. Minor phases include chalcopyrite, and rare nickeline 
(NiAs), apparently as primary groundmass grains with a honeycomb form.

21-9B

Holocrystalline, coarsely porphyritic, phenocryst phase dominated by blocky plagioclase, commonly as complex 
glomerocrysts, often cracked or included in core, with normal zoning. Olivine a secondary phenocryst phase, euhedral to 
subhedral, relatively forsteritic, with slightly more fayalitic outer rim, but no reaction coronae, although a thin weathering 
rim of hydrated Fe-rich clay minerals is common. Plagioclase dominates groundmass, augite and pigeonite common, 
olivine also present. Ti-magnetite the dominant oxide, ilmenite occasional, Cr-spinel rare and in association with olivine, 
relatively Ti-rich and Cr-poor.

21-9C

Holocrystalline, coarsely porphyritic, phenocryst phase dominated by plagioclase, euhedral to subhedral, in 
glomerocrysts, also laths or tabular grains, ubiquitously included or cracked, often with very heavily sieve textured core, 
and showing normal zoning. Olivine common as phenocrysts, euhedral to rounded, with thin coronae of pigeonite, not 
highly forsteritic, only slightly zoned towards margins. Augite also common phenocrysts, euhedral, often in glomerocrysts 
with olivine, slightly reverse zoned with Fe-poorer rim. Matrix dominated by plagioclase, pigeonite and augite. 
Groundmass relics of olivine with replacement rims developed as symplectite of calcic orthopyroxene and magnetite; 
orthopyroxene otherwise absent. Ti-magnetite abundant in groundmass, ilmenite laths also common, with both 
commonly intergrown.

15-4A
Coarse plutonic from west of Hornopirén volcano, gabbroic composition, predominantly plagioclase with heavily 
weathered mafic phases, dominated by a grey green clinopyroxene, commonly heavily included and pitted, much heavily 
weathered to fine-grained aggregate, possible relic olivine. Also coarse grained oxides.

19-2A
Hornopirén lava block, not in situ, felty texture, holocrystalline, groundmass of plagioclase laths, pyroxenes and oxides, 
with olivine and plagioclase phenocrysts, some as glomerocrysts. Plagioclase occasionally with heavily included cores, 
mostly clean and tabular. Olivines rounded, often clustered. Orthopyroxene occasional as subhedral tabular grains.

19-2B
Hornopirén lava block, not in situ, holocrystalline, with microcrystalline matrix composed of plagioclase laths in felty 
texture, also rich in oxides and clinopyroxene. Plagioclase a common phenocryst, often in glomerocrysts associated with 
olivine, a second abundant phenocryst, rounded, sometimes with reaction coronae.

19-2C

Hornopirén lava block, not in situ, as vent agglomerate composed of a variety of welded brecciated blocks. Surrounding 
matrix patchy and cryptocrystalline with microlitic plagioclase laths. A range of crystal and xenolithic phases contained 
within matrix, including large and heavily included plagioclase, rounded blocks of felty lava with olivine phenocrysts, and 
aggregates of clean and included plagioclase with clinopyroxene with occasional glassy patches. These aggregates have 
a matrix similar to the overall welding matrix, and are not clearly non-juvenile. The clinopyroxene here is abundant, green, 
and commonly twinned, but without any olivine associated. Notably this assemblage was not seen in any other 
Hornopirén sample, but is similar to the pyroxenes seen at Yate and in one case at Apagado.

19-2D

Hornopirén lava block, not in situ, very fine microcrystalline matrix of plagioclase, oxides and pyroxene, phenocryst 
phases of plagioclase, clinopyroxene and olivine. Rock similar to parts of that seen in 19-2C, and unlike any previously 
described Hornopirén lavas, but very like some Yate lavas (e.g., 26-3A). Plagioclases either tabular, euhedral and heavily 
zoned, or large and highly included. Clinopyroxenes green, commonly lamellar twinned. Olivine also present, and 
occasional coarse oxides.

21-11A
Fine grained welded tuff, crudely banded, with devifrified brown patches, often curved, possible relics of pumices, with 
fine-grained alteration minerals. Also patchy fine grained patches with quartz, feldspar, devitrified glass, and individual 
crystals within tuff, mainly quartz, plagioclase also common.

Other samples (all covered thin sections; those above are all polished)
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21-12A
Similar to 21-11A, banding slightly better developed, crystal patches clearer as lithic fragments, probably lavas of 
relatively evolved composition. Glass fresher, isotropic, commonly containing quartz crystal fragments.

25-1B

Granodioritic basement rock, from near Puelo, quartz rich, texturally equilibrated. Plagioclase coarse but commonly 
heavily weathered, biotite with deep pleochroic browns, foliated internal texture altering to green brown pleochroic 
composition. Amphibole subhedral with good cleavage and clean extinction, commonly twinned, with euhedral 
breakdown cavities. Occasional concentrations of oxides.

25-10A
Granitoid from north side of Hualaihue, predominantly feldspar, some quartz, all heavily pitted and included, with biotite, 
green brown with fibrous habit, again heavily weathered, and greenish amphibole, also often weathered and with poor 
crystal shape, and common oxides.

04-1A
Metamorphic basement rock from walls of LOFZ west of Hornopirén, foliated, with fine grained quartzitic and mafic 
bands, the quartz texturally in equilibrium and regrown, the mafic layers of green amphibole and brown biotite, with each 
locally concentrated. Sparse oxides.

04-1B
From walls of LOFZ west of Hornopirén, microgranitic texture, with large plagioclases and breakdowns of mafic minerals 
(pyroxenes), finer feldspars, oxides and biotite, possibly porphyritic protolith.

04-1C
From walls of LOFZ west of Hornopirén, microgranitic, contains plagioclase and clinopyroxene. Pyroxene with dark green 
brown pleochroism. Plagioclase heavily included or regrown, shows a relic porphyritic texture. Fairly rich in oxides.

04-4A
Granitoid, collected at base of southern flanks of Yate. Quartz feldspar microgranitic texture, extensively weathered. 
Relic crystals clear but altered to amalgam of finer grains, with pale green amphibole and high relief colourless grains 
broken down to fine grained assemblage.
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Appendix E

Apagado scoria deposit logs
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Appendix F

Melt inclusion analytical data

Ti Sr Y Zr Nb Ba La Ce

Ap1 15-6B 108 0.31 6330 389 21.7 110 3.8 133 10.8 24.7
Ap1 21-5B 89 0.49 5748 382 20.6 102 4.0 125 10.1 22.9
Ap1 21-5B 551 1.52 4218 430 15.6 74 3.1 98 7.2 17.0
Ap1 21-5B 204 0.44 5775 369 20.6 103 3.7 126 10.4 22.5
Ap1 21-5B 135 0.35 5223 394 18.4 89 3.9 131 8.9 21.1
Ap1 21-5B 248 0.61 4597 418 16.2 79 2.8 106 8.0 19.1
Ap1 21-5B 255 0.57 4531 444 16.3 79 3.3 100 7.3 18.3
Ap1 15-6B 993 3.50 3772 420 14.2 70 2.3 85 6.6 16.0
Ap1 15-6B 76 0.73 5842 414 20.1 100 3.3 127 9.5 23.6
Ap1 15-6B 698 2.99 4004 440 14.2 71 2.3 93 6.7 17.0
Ap1 15-6B 80 0.28 6205 398 20.8 106 3.2 134 9.8 24.3
Ap1 15-6B 43 0.25 4259 335 15.6 67 2.1 81 6.1 15.2
Ap1 15-6B 106 0.33 6054 394 19.9 104 3.1 133 9.0 22.8
Ap1 15-6B 0 0.44 5199 404 17.8 82 3.2 126 9.2 20.8
Ap1 21-5B 45 0.48 4493 425 15.3 79 2.9 99 7.5 18.0
Ap1 15-6A 108 0.49 5225 437 17.6 77 2.5 138 8.9 21.5
Ap1 15-6B 69 0.28 5887 405 19.9 94 2.9 133 9.3 22.5
Ap1 15-6B 63 0.23 6095 384 20.9 105 3.2 130 9.1 23.7
Ap1 15-6B 60 0.29 5673 405 19.7 94 3.4 130 9.1 22.4
Ap1 15-6B 72 0.05 6231 385 20.1 105 3.7 132 8.8 22.7
Ap1 15-6B 545 2.84 4171 433 15.6 79 2.8 96 7.1 18.0
Ap1 15-6A 172 2.26 4156 456 13.4 66 2.0 91 6.7 16.6
Ap1 15-6B 98 0.31 6350 386 21.2 105 3.9 135 9.6 24.3
Ap1 15-6B 888 2.54 3951 439 14.7 73 1.9 94 6.4 16.2
Ho1 801-1C 1490 1.61 5071 358 18.4 121 4.6 271 14.6 32.8
Ho1 801-1C 398 1.71 5060 359 18.6 121 5.0 257 14.2 32.3
Ho1 801-1B 53 0.29 6136 333 23.9 150 5.6 322 18.5 41.8
Ho1 801-1B 59 0.51 5803 351 22.6 147 5.2 317 17.4 40.8
Ho1 801-1B 80 0.35 5565 363 20.7 133 4.9 266 14.9 34.9
Ho1 801-1B 502 2.03 4704 333 17.7 118 4.2 228 13.0 30.3
Ho1 801-1B 123 1.64 5111 357 19.2 127 5.2 274 15.4 35.1
Ho1 801-1B 106 0.43 6638 300 25.1 169 6.0 309 18.6 43.6
Ho1 801-1B 526 1.79 4748 344 18.3 124 4.1 238 14.0 32.5
Ho1 801-1B 705 0.07 5426 393 19.8 135 5.0 263 15.6 36.8
Ho1 801-1B 626 1.50 5006 358 18.9 122 4.4 232 13.3 33.1
Ho1 801-1B 72 0.62 6099 331 22.6 148 6.1 297 17.4 39.8
Ho1 801-1B 96 0.96 5598 341 20.5 139 5.9 270 15.3 35.9
Ho1 801-1B 331 1.55 4947 355 18.1 123 4.5 248 14.4 30.7
Ho1 801-1B 691 1.41 4668 353 18.1 121 4.5 233 13.6 30.8
Ho1 801-1B 103 0.71 5237 347 19.9 129 5.0 254 14.6 33.2

ppm 
CO2

Unit Sample
Trace elements (ion probe, ppm)wt% 

H2O
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Ti Sr Y Zr Nb Ba La Ce

Ho1 801-1B 1288 1.63 5021 374 18.6 123 5.5 257 14.6 34.3
Ho1 801-1B 91 0.35 5812 352 22.0 143 5.4 261 16.5 37.5
Ho1 801-1D 1296 1.42 6229 413 21.1 109 3.3 273 13.8 30.3
Ho1 801-1D 345 0.49 6106 397 22.2 106 3.5 249 13.8 32.8
Ho1 801-1D 956 1.66 6203 425 21.5 107 3.7 274 14.8 33.2
Ho1 801-1C 658 1.76 5231 369 19.4 124 5.2 263 15.2 34.0
Ho1 801-1C 71 0.55 7206 332 27.1 168 7.1 354 19.7 45.1
Ho1 801-1C 47 0.32 7596 315 27.3 180 7.4 368 20.3 47.7
Ho1 801-1C 237 1.37 5260 381 20.3 130 5.1 273 16.3 35.1
Palena 826-4A 1632 1.77 5001 374 15.7 85 3.4 139 9.7 20.9
Palena 826-4A 87 0.42 8368 318 25.8 147 5.8 240 15.6 36.2
Palena 826-4A 398 1.75 5014 386 15.4 85 4.2 147 9.8 21.6
Palena 826-4A 128 0.18 7824 364 25.0 138 5.6 216 14.9 35.0
Palena 826-4A 79 0.11 13460 247 37.3 309 11.3 354 25.6 55.8
Palena 826-3B 604 0.97 5511 414 17.1 96 4.1 172 10.9 23.4
Palena 826-3B 1959 1.90 4724 350 14.8 82 3.4 142 9.0 20.0
Palena 826-3B 84 0.01 5012 373 16.9 89 3.3 155 9.8 22.2
Palena 826-3B 76 0.17 5964 330 18.5 99 4.4 178 10.2 24.6
Palena 826-3B 70 0.26 7883 284 26.5 139 5.5 240 15.4 35.3
Palena 826-4A 1575 1.48 5299 397 17.1 97 3.4 171 10.5 24.2
Palena 826-4A 216 1.18 5096 398 16.3 87 3.9 155 10.0 23.4
Puyuhuapi 828-6B 136 0.19 10182 821 24.0 194 27.9 592 47.6 95.3
Puyuhuapi 828-6B 151 0.17 12720 485 29.2 256 36.0 695 63.6 123.1
Puyuhuapi 828-6B 350 0.22 9889 648 22.7 185 26.8 610 46.9 92.3
S Minch C16-G7B 95 0.22 10166 280 32.7 226 12.0 285 22.2 51.4
S Minch C16-G7B 94 0.29 8674 281 29.1 197 9.4 261 18.5 45.3
S Minch C16-G7B 164 0.34 6242 322 22.1 132 6.7 232 14.8 35.4
S Minch C16-G7B 72 0.30 9056 278 31.2 206 8.9 267 20.5 48.0
S Minch C16-G7B 93 0.26 8936 280 30.8 205 9.6 279 20.2 48.4
S Minch C16-G7B 1304 1.61 5663 364 18.4 126 5.8 188 13.0 30.5
S Minch C16-G7B 2211 1.72 5679 369 18.8 129 6.2 189 13.4 31.2

SiO2 TiO2 Al2O3 FeO Mn MgO CaO Na2O K2O

Ap1 15-6B 53.9 1.3 14.8 9.1 0.2 5.3 9.9 3.1 0.9 89.1
Ap1 21-5B 52.9 1.3 13.5 10.2 0.1 5.7 10.8 2.8 0.7 88.6
Ap1 21-5B 49.6 0.8 15.7 8.5 0.1 6.2 11.6 2.9 0.5 88.6
Ap1 21-5B 53.5 1.2 14.1 9.0 0.2 5.3 10.6 3.2 0.8 88.6
Ap1 21-5B 52.6 1.2 15.2 9.2 0.2 4.1 11.2 2.6 0.8 88.6
Ap1 21-5B 51.7 1.1 15.9 8.9 0.3 5.5 11.2 2.8 0.7 89.3
Ap1 21-5B 50.4 1.0 17.0 9.1 0.2 5.5 11.9 2.8 0.7 89.0
Ap1 15-6B 47.9 0.8 15.2 7.6 0.2 7.6 10.5 2.5 0.5 89.5
Ap1 15-6B 53.1 1.2 14.7 8.4 0.2 5.2 10.9 3.0 0.8 88.4
Ap1 15-6B 48.3 0.8 16.1 7.3 0.1 7.0 10.9 2.5 0.5 89.3
Ap1 15-6B 53.7 1.3 14.5 9.2 0.1 5.7 10.0 3.1 0.9 89.7
Ap1 15-6B 51.6 0.9 16.9 7.0 0.2 6.1 11.2 3.0 0.6 89.7
Ap1 15-6B 53.5 1.1 14.3 9.0 0.2 5.6 10.1 3.1 0.9 89.0
Ap1 15-6B 52.0 1.0 15.7 9.2 0.1 5.0 11.1 2.7 0.8 89.1
Ap1 21-5B 53.8 0.9 16.6 7.0 0.0 5.3 10.7 3.2 0.8 88.6
Ap1 15-6A 50.4 1.0 16.3 8.0 0.2 6.0 11.0 3.1 0.8 88.1
Ap1 15-6B 52.2 1.1 13.9 10.3 0.2 5.8 10.4 2.8 0.8 89.7
Ap1 15-6B 51.7 1.1 14.5 9.4 0.2 5.6 10.9 2.9 0.8 88.0
Ap1 15-6B 52.1 1.1 13.9 10.2 0.2 5.8 10.5 2.9 0.8 87.5
Ap1 15-6B 53.4 1.1 15.4 8.7 0.2 4.9 10.0 3.3 0.8 87.5
Ap1 15-6B 48.9 0.8 15.8 6.0 0.1 6.2 10.8 2.8 0.6 88.8
Ap1 15-6A 47.9 0.9 17.1 7.3 0.2 3.8 11.5 3.2 0.6 89.3
Ap1 15-6B 53.7 1.2 13.8 9.3 0.2 5.7 9.9 3.0 0.9 88.9
Ap1 15-6B 47.2 0.7 15.2 7.4 0.1 8.2 10.2 2.7 0.7 89.7

Unit

Unit Sample
ppm 
CO2

Major elements (electron probe, wt%) Olivine 
%Fo

Sample

wt% 
H2O

Trace elements (ion probe, ppm)
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SiO2 TiO2 Al2O3 FeO Mn MgO CaO Na2O K2O

Ho1 801-1C 51.7 1.0 16.2 8.3 0.1 5.9 8.4 3.0 1.0 81.7
Ho1 801-1C 51.0 1.0 15.9 8.5 0.1 6.1 8.6 2.9 0.8 81.8
Ho1 801-1B 53.8 1.3 14.8 9.1 0.1 4.4 8.4 3.4 1.2 82.2
Ho1 801-1B 53.6 1.1 16.8 9.3 0.1 4.3 9.1 3.1 1.0 81.3
Ho1 801-1B 54.3 1.1 16.6 8.0 0.1 4.4 8.5 3.5 1.1 82.0
Ho1 801-1B 51.5 1.0 16.0 7.9 0.2 5.9 8.5 3.1 0.8 82.1
Ho1 801-1B 53.1 1.0 17.0 7.1 0.1 3.6 8.2 3.4 1.0 83.0
Ho1 801-1B 54.3 1.3 14.2 9.8 0.2 4.5 8.3 3.5 1.1 82.3
Ho1 801-1B 51.4 0.9 15.5 8.3 0.1 7.2 8.3 2.9 0.8 82.3
Ho1 801-1B 51.9 1.1 18.0 7.9 0.1 4.7 9.7 3.6 1.0 82.2
Ho1 801-1B 51.7 1.1 17.0 8.0 0.1 5.5 9.0 3.0 0.9 82.0
Ho1 801-1B 54.1 1.1 16.1 8.5 0.1 4.3 9.3 3.4 0.9 82.6
Ho1 801-1B 52.9 1.2 15.4 8.9 0.1 5.0 8.6 3.4 1.0 81.5
Ho1 801-1B 51.4 1.0 16.1 8.0 0.2 5.6 8.8 3.1 0.8 81.7
Ho1 801-1B 51.9 0.9 16.6 7.6 0.2 5.7 8.8 3.3 0.9 83.2
Ho1 801-1B 52.8 1.0 17.2 8.1 0.2 4.5 9.5 3.4 0.9 82.0
Ho1 801-1B 52.0 1.1 16.3 8.1 0.2 5.0 9.1 3.1 0.8 82.3
Ho1 801-1B 53.2 1.2 16.6 8.7 0.1 4.7 9.2 3.4 1.0 82.3
Ho1 801-1D 49.8 1.2 18.0 6.7 0.0 4.0 11.4 3.0 0.8 87.2
Ho1 801-1D 50.4 1.1 16.8 9.1 0.1 7.4 10.3 2.8 0.9 85.2
Ho1 801-1D 49.8 1.2 17.0 8.5 0.2 4.1 10.7 3.0 0.8 83.7
Ho1 801-1C 51.3 1.0 16.0 8.6 0.1 6.0 8.7 2.8 0.8 82.3
Ho1 801-1C 55.7 1.5 15.3 8.8 0.2 4.7 7.9 3.4 1.2 82.4
Ho1 801-1C 54.5 1.2 16.9 7.6 0.2 3.9 9.2 3.3 1.0 82.6
Ho1 801-1C 50.4 1.1 16.0 8.8 0.2 6.1 8.6 3.1 0.9 82.3
Palena 826-4A 48.3 1.0 16.2 8.4 0.1 7.0 9.8 3.1 0.6 84.5
Palena 826-4A 52.5 1.7 13.3 9.9 0.2 4.7 9.4 3.4 1.0 84.7
Palena 826-4A 48.7 1.0 16.0 9.2 0.2 6.8 9.8 3.1 0.5 84.0
Palena 826-4A 51.0 1.5 14.3 9.7 0.2 5.3 9.9 3.5 0.9 84.7
Palena 826-4A 57.0 2.6 13.0 8.5 0.1 4.1 6.2 4.2 1.8 83.2
Palena 826-3B 49.0 1.1 18.2 7.3 0.1 2.9 11.9 3.4 0.6 85.1
Palena 826-3B 48.7 1.0 15.8 7.7 0.1 6.7 10.0 3.1 0.6 84.8
Palena 826-3B 53.0 1.0 17.6 6.4 0.2 4.1 10.9 3.8 0.7 85.8
Palena 826-3B 53.2 1.1 14.2 9.0 0.2 7.1 9.0 3.4 0.9 84.9
Palena 826-3B 52.5 1.6 13.4 10.3 0.2 4.8 9.4 3.2 1.1 85.5
Palena 826-4A 48.9 1.0 16.9 8.6 0.2 6.0 10.0 3.3 0.6 84.6
Palena 826-4A 48.4 1.0 16.5 8.8 0.1 5.9 10.1 3.5 0.7 84.7
Puyuhuapi 828-6B 47.8 1.8 16.7 9.7 0.2 4.5 11.6 3.6 1.7 84.5
Puyuhuapi 828-6B 49.6 2.5 13.7 10.6 0.2 4.3 9.2 3.5 3.2 84.1
Puyuhuapi 828-6B 47.7 1.7 13.8 10.1 0.1 10.2 8.9 3.7 1.9 84.9
S Minch C16-G7B 52.6 2.0 12.9 9.9 0.2 6.3 8.3 3.2 1.2 83.6
S Minch C16-G7B 52.4 1.5 15.4 8.5 0.1 4.1 8.9 3.3 0.9 84.3
S Minch C16-G7B 50.0 1.3 17.0 10.0 0.3 5.1 9.4 3.4 0.9 84.8
S Minch C16-G7B 52.4 1.8 13.8 10.2 0.3 5.2 9.0 3.3 1.0 84.4
S Minch C16-G7B 51.7 1.7 14.3 10.8 0.2 5.2 9.3 3.3 1.2 83.5
S Minch C16-G7B 49.4 1.1 17.2 8.2 0.2 6.4 9.6 3.3 0.7 85.1
S Minch C16-G7B 49.9 1.2 17.5 8.2 0.1 5.8 8.7 3.6 0.7 84.9

Unit Sample
Major elements (electron probe, wt%) Olivine 

%Fo
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Appendix G

Chaitén 2008 ash sampling sites

Locality Latitude Longitude Thickness (mm) Locality Latitude Longitude Thickness (mm)

30-03 -42.2953 -71.2839 0.2 01-13 -43.8558 -67.9471 0.2
30-04 -42.3212 -71.1334 2.5 01-14 -43.8095 -67.6821 0.2
30-06 -42.4673 -71.0972 4 01-15 -43.7170 -67.2860 0.2
30-07 -42.6090 -71.0798 3.5 01-16 -43.7028 -66.9912 0.2
30-08 -42.6825 -71.0279 3 02-01 -44.0489 -69.1957 0.15
30-09 -42.7757 -71.1180 3 02-02 -44.1457 -69.2625 0.15
30-10 -42.9161 -71.1668 3.5 02-03 -44.3053 -69.3972 0.2
30-11 -42.9486 -71.2179 4 02-04 -44.4589 -69.2548 0.2
30-12 -42.9292 -71.3549 7.5 02-05 -44.6463 -69.1477 0.25
30-13 -43.0321 -71.4416 4.5 02-06 -44.7400 -69.2137 0.2
31-04 -43.0151 -71.0433 5.5 02-07 -44.8882 -69.2135 0.2
31-05 -43.1338 -70.8601 4 02-08 -45.0346 -69.1533 0.15
31-06 -43.3246 -70.8964 3.5 02-10 -45.2333 -69.0955 0.15
31-07 -43.5285 -70.7948 2 02-11 -45.3585 -68.9815 0.15
31-08 -43.6401 -70.8401 2 02-12 -45.5066 -69.0551 0.1
31-09 -43.7968 -70.9359 1.75 02-14 -45.5000 -69.2700 0.1
31-10 -43.9593 -70.8874 0.5 02-15 -45.4741 -69.5090 0.1
31-11 -43.9944 -70.8270 0.5 02-16 -45.4485 -69.8147 0.1
31-12 -44.0457 -70.6297 1.5 03-01 -44.0829 -70.9609 0.2
31-13 -44.1773 -70.4731 1 03-02 -44.1975 -71.1106 0.1
31-14 -44.2925 -70.4005 0.5 03-05 -43.9499 -71.4557 0.1
31-15 -44.4191 -70.4405 0.2 03-07 -43.5641 -70.5904 0.5
31-16 -44.5889 -70.3706 0.1 03-08 -43.5726 -70.3605 0.5
01-01 -43.9477 -70.3422 2 03-09 -43.4670 -70.8449 1
01-02 -43.7834 -70.1796 0.75 03-10 -42.9927 -71.1834 11
01-03 -43.6439 -70.0969 0.75 03-11 -43.0144 -71.2018 13
01-04 -43.7267 -69.8984 0.5 04-02 -43.0628 -70.8628 4.5
01-05 -43.7706 -69.6022 0.2 04-03 -42.9936 -70.7573 2
01-06 -43.7942 -69.3165 0.2 04-04 -43.0347 -70.5880 1.5
01-07 -43.8620 -69.0502 0.3 04-05 -43.0791 -70.4155 0.9
01-08 -43.6717 -68.9321 0.2 04-06 -43.0749 -70.2350 0.6
01-09 -43.5682 -69.0551 0.2 04-08 -43.1549 -70.1071 0.5
01-10 -43.8172 -68.7052 0.2 04-09 -43.2137 -69.9652 0.4
01-11 -43.8771 -68.4208 0.2 04-10 -43.3223 -69.8793 0.3
01-12 -43.8594 -68.2157 0.15 04-11 -43.0886 -69.9018 0.6
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Locality Latitude Longitude Thickness (mm) Locality Latitude Longitude Thickness (mm)

04-12 -42.9582 -69.9374 0.4 07-03 -42.7895 -70.9798 2
04-13 -42.9601 -70.6420 2 07-04 -42.7752 -70.8282 1.5
04-14 -42.8473 -70.6118 1 07-05 -42.7074 -70.6888 0.5
04-15 -42.7425 -70.5401 0.8 07-06 -42.6147 -70.4791 0.7
04-16 -42.6562 -70.4192 0.8 07-07 -42.5094 -70.5587 0.4
04-17 -42.6468 -70.2535 0.5 07-08 -42.4006 -70.5316 0.7
04-18 -42.6776 -70.0935 0.45 07-09 -42.2456 -70.6175 0.5
05-01 -43.1135 -71.4603 13 07-10 -42.1318 -70.6803 0.4
05-02 -43.1663 -71.4949 15.5 07-11 -42.0256 -70.7178 0.5
05-03 -43.1986 -71.5829 12 07-12 -42.1371 -70.8401 0.6
05-04 -43.1773 -71.6880 15 07-13 -42.1378 -71.0177 0.4
05-06 -43.1738 -71.7525 17.5 07-14 -41.9598 -71.0997 1
05-07 -43.1732 -71.7509 17.5 07-15 -41.9010 -70.9969 1
05-08 -43.1548 -71.3980 11 07-16 -41.8437 -70.8961 2
05-09 -43.2239 -71.4235 9 07-17 -41.8106 -70.8124 2.5
05-10 -43.3040 -71.4356 5 07-18 -41.8037 -70.7954 3
05-11 -43.3564 -71.5046 5 07-19 -41.7034 -70.7590 2
05-12 -43.4324 -71.5569 9 07-20 -41.5680 -70.6845 1.5
05-13 -43.5100 -71.4807 3 07-21 -41.4332 -70.6918 0.75
05-14 -43.5083 -71.4396 2 07-22 -41.2596 -70.6904 0.2
05-15 -43.5067 -71.4184 5 08-02 -41.0311 -70.2522 0.1
05-16 -43.4884 -71.3084 11 08-03 -41.1658 -70.1770 0.2
05-17 -43.4968 -71.2426 8 08-04 -41.2555 -70.0304 0.4
05-18 -43.5276 -71.2041 9.5 08-05 -41.3210 -69.8484 1
05-19 -43.5611 -71.1698 8 08-06 -41.3317 -69.6577 1
05-20 -43.5944 -71.1124 6 08-07 -41.3234 -69.5026 1
05-21 -43.6086 -71.0563 4 08-08 -41.4734 -69.4218 1.75
05-22 -43.6186 -70.9723 3 08-09 -41.5999 -69.3771 0.4
05-23 -43.5855 -70.9306 1.5 08-11 -41.5316 -69.4059 0.9
05-24 -43.5587 -70.8863 1 08-12 -41.4001 -69.4342 1.25
05-25 -43.5130 -70.8712 0.8 08-13 -41.2776 -69.4632 1
05-26 -43.4737 -70.8463 0.8 08-14 -41.2180 -69.3877 0.8
06-01 -42.9685 -71.3943 12 08-16 -41.1538 -69.3190 0.6
06-03 -43.0051 -71.4879 6 08-17 -41.0646 -69.3190 0.5
06-04 -42.9696 -71.5835 7 08-19 -40.8886 -69.2980 0.2
06-05 -42.8926 -71.6017 4 08-20 -40.8273 -69.1950 0.2
06-06 -42.8216 -71.6177 3 08-21 -40.6908 -69.1253 0.15
06-07 -42.7800 -71.6800 2 09-01 -41.3022 -69.2963 1.25
06-08 -42.7230 -71.7294 1 09-02 -41.3015 -69.1164 1
06-09 -42.6464 -71.6699 1 09-03 -41.2781 -68.9448 0.8
06-10 -42.5621 -71.6159 1 09-04 -41.2693 -68.7685 0.6
06-11 -42.5056 -71.4728 1.5 09-05 -41.2225 -68.6251 0.7
06-12 -42.4024 -71.3703 1 09-06 -41.1465 -68.4892 0.6
06-13 -42.2775 -71.3582 0.4 09-07 -41.0578 -68.3697 0.7
06-14 -42.2005 -71.3954 0.2 09-08 -40.9651 -68.2417 0.5
06-15 -42.1829 -71.1612 1 09-09 -40.8733 -68.1054 0.5
06-16 -42.0563 -71.1630 3 09-10 -40.8477 -68.1915 0.3
06-17 -42.0055 -71.1718 2 09-11 -40.7648 -68.1919 0.2
06-18 -41.9815 -71.2194 1 09-13 -40.7369 -68.2349 0.1
06-19 -41.9680 -71.2730 0.4 09-14 -40.9480 -67.9569 0.5
06-20 -41.9597 -71.3663 0.15 09-15 -41.0647 -67.8994 0.3
06-21 -41.9098 -71.4118 0.1 09-16 -41.1700 -67.8500 0.2
06-22 -41.9059 -71.5115 0.05 09-17 -41.2841 -67.9154 0.2
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Locality Latitude Longitude Thickness (mm) Locality Latitude Longitude Thickness (mm)

09-18 -41.3402 -67.9119 0.2 10-06 -40.8506 -65.6650 0.2
09-19 -40.7380 -67.9162 0.5 10-07 -40.8246 -65.3749 0.2
09-20 -40.6111 -67.7929 0.15 10-08 -41.0405 -65.3951 0.1
09-22 -40.5247 -67.3724 0.1 10-09 -41.2640 -65.3749 0.1
09-23 -40.4906 -67.1615 0.05 10-11 -41.7245 -65.3039 0.05
09-24 -40.4811 -66.8636 0.05 10-16 -42.8200 -65.1500 0.05
09-25 -40.5027 -66.6069 0.05 10-18 -43.1983 -65.2909 0.1
10-01 -40.5915 -66.4125 0.1 10-19 -43.3485 -65.3134 0.05
10-03 -40.5207 -66.0873 0.05 10-20 -43.4970 -65.4286 0.05
10-05 -40.8010 -65.9366 0.2 11-02 -40.4600 -65.0156 0.1
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358 APPENDIX H. SVZ VOLCANIC ERUPTION RECORDS

Appendix H

SVZ volcanic eruption records

Year
M

onth

D
ay Year

M
onth

D
ay

C
entral

F
lank

R
adial 

fissure

R
egional 
fissure

Tupungatito 33.40 69.80 1987 11 28 1987 11 30 x x 2

1986 1 20 1986 1 20 x x 1

1980 1 10 1980 1 11 x x 2

1968 x x 2

1964 8 3 1964 9 19 x x 2

1961 5 5 1961 8 x x 2

1960 7 15 x x 2

1959 10 16 x x 2

1959 3 26 x x 2

1958 1 x 2

1946 1947 x x 2

1925 x x 2

1907 2 15 x x 2

1901 4 x x 2

1897 1 1897 4 12 x x 2

1889 1890 x x 2

1861 x 2

1829 x x 2

San José 33.78 69.90 1960 x x 2

1959 x x 2

1895 1897 x x 2

1889 1890 x x 2

1881 x x 2

1838 x x 1

1822 11 19 1838 x x 2

Maipo 34.16 69.83 1908 x 2

1905 10 28 1905 10 30 x 2

1869 8 24 x 2

1833 x 2

1831 2 16 x 2

1826 3 1 x x x 2

1822

Tinguiririca 34.81 70.35 1917 1?

Planchón-Peteroa 35.24 70.57 1998 11 18 1998 11 21 x x 1

1991 2 9 1991 3 2 x x 2

1962 1 x x 1

F
atalities

Lava

Location E
st. V

E
I

Start date End date E
xplosive

Volcano Lat. (S)
Long. 
(W)
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Year

M
onth

D
ay Year

M
onth

D
ay

C
entral

F
lank

R
adial 

fissure

R
egional 
fissure

1960 7 10 x x 1

1959 11 6 x x 1

1938 9 1938 10 x 2

1937 4 1937 5 5 x x 2

1889 9 1894? x x 2

1878 x 2

1860 x x 2

1837 2 x x x 2

1835 x 2

1762 12 3 x x 4

1751 11 1751 12 x x 2

1660 3+

Descabezado Grande 35.58 70.75 1932 6 5 1933 x x 3

Cerro Azul (Quizapu) 35.65 70.76 1967 8 9 x x 2?

1949 4 15 x x 2?

1933 1938 7 25 x x 2

1916 1932 4 21 x x 5+

1914 9 8 x x 3

1912 2 x x 2

1907 7 28 x x 2

1906 x x 2

1846 11 26 1853? x x x 2

Nevados de Chillán 36.86 71.38 2003 8 29 2003 9 15 x x x 1

1973 7 1986 x x x 2

1946 1947 x x 2?

1935 7 2 x x 2?

1934 1 17 x 2?

1928 11 30 1929 x x 2?

1927 4 10 x 2?

1914 x 2

1907 x x 1

1906 8 6 1906 12 x x x 2

1898 x 2

1893 3 4 x 2

1891 2 x 2

1877 2 12 x 2

1872 7 22 x 2

1864 11 30 1865 2 3 x x x 3

1861 6 1863 x x x 2

1860 7 25 x 2?

1752 1 30 2?

1749? 1751 x x 3+

1650 (+/- 50) x 3?

Antuco 37.41 71.35 1869 x x 2

1863 12 x x 2

1861 2 1861 8 x x 0

1852 11 1853 1 x x x x x 3

1845 2 26 1845 3 1 x x x 2

1828 12 18 x x x 2

1820 1821 x x 1

1806? 5 x x 2

1752 1 31 1752 2 1 x x x 3?

1750 (+/- 10) x 2

Planchón-Peteroa 
(continued)

E
xplosive

Lava

F
atalities

Start date End date

Volcano Lat. (S)
Long. 
(W)

E
st. V

E
I

Location



360 APPENDIX H. SVZ VOLCANIC ERUPTION RECORDS

Year

M
onth

D
ay Year

M
onth

D
ay

C
entral

F
lank

R
adial 

fissure

R
egional 
fissure

Copahue 37.85 71.17 2000 7 1 2000 10 18 x x 2

1995 9 x x 2

1994 12 x x 2

1992 7 22 1993 x x 2

1961 x 2

1960

1944

1937 2?

1867? 2?

1750? x 2

Callaqui 37.92 71.45 1980 10 1980 10 x x 1

1751 12 31 x 2

Lonquimay 38.38 71.58 1988 12 25 1990 1 24 x x x x x 3

1933 1 4 x x 2

1887 6 2 1890 1 x x x 3

1853 2 x x x 3

Llaima 38.69 71.73 2008 1 1 2009 x x x 3

2007 5 26 2007 8 8? x x 2

2003 4 9 2003 4 16 x x 2

2002 10 13 x x 1

1998 11 10 x x 2

1998 4 3 1998 4 23 x x 2?

1997 3 1997 10 x 1

1995 10 13 1995 10 22 x x 2?

1994 5 17 1994 8 30 x x x x 2

1992 8 23 1992 9 2 x x 1

1990 2 25 1990 11 25 x x 1

1984 4 20 1984 11 26 x x 2

1979 10 15 1979 11 28 x x x 2

1971 12 1 1972 3 12 x 2

1964 x x 2

1955 10 22 1957 11 x x x x 3

1949 9 x x x 2

1946 7 23 x x 2

1945 3 31 1945 4 3 x x 3

1944 x 2

1942 6 9 1942 11 x 2

1941 6 23 x x 2

1938 12 x x 1

1937 2 9 1937 11 2 x x x x 2

1932 12 31 1933 1 5 x x x 3

1932 3 2 1932 3 2 x x 2?

1930 7 6 1930 8 20 x x x 2

1929 12 x x x 2

1927 10 5 1927 12 5 x x x x x 2

1922 10 24 x 2

1917 2 4 x 2

1914 7 3 x x 2

1912 x x x 2

1907 1908 3 x x 2

1903 5 12 1903 5 14 x x x x 2

1895 1896 x x x 2

1893 12 1894 12 x 2

1892 x 2

Volcano Lat. (S)
Long. 
(W)

Start date End date Location E
xplosive

Lava

F
atalities

E
st. V

E
I
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Year

M
onth

D
ay Year

M
onth

D
ay

C
entral

F
lank

R
adial 

fissure

R
egional 
fissure

Llaima (continued) 1889 4 20 1889 7 x 2

1883 x x 2

1877 1 16 1877 6 24 x x 2

1875 1876 x x x 2

1872 6 6 x x x 2

1869 4 2?

1866 x x 2

1864 x x 3

1862 x x 3

1852 1853 x x 2

1822 x 2

1759 12 x 2

1751 12 18 1752 x x x 2

1640 2 x 4

Villarrica 39.42 71.93 2008 10 26 x x 1

2004 8 5 2006 x x 1

2003 5 23 2004 3 25 x x 1

1998 2 24 2002 6 x x 1

1996 9 14 1997 8 x x 1

1996 1 x x 1

1995 4 15 1995 6 2 x x 1

1994 9 26 1994 12 30 x x 1

1992 9 11 1992 12 x x 1

1991 8 30 1991 9 17 x x 2

1984 8 11 1985 11 18 x x x 2

1983 10 14 1983 10 16 x x 1

1980 6 20 1980 9 24 x x 2

1977 1 26 1977 1 30 x x 1

1971 10 29 1972 2 21 x x x x x 2

1964 3 2 1964 4 21 x x x x 2

1963 2 25 1963 9 21 x x x x x 3?

1961 x x 1

1958 11 6 1959 12 21 x x 1

1956 10 3 1956 11 16 x x 1

1948 10 9 1949 2 3 x x x x 3

1948 4 10 x x 2?

1947 x x 1

1938 12 1 1939 2 1 x x 2

1935 12 1 1936 6 27 x x 1?

1933 1 5 1933 1 18 x x 2

1929 12 27 x x 1

1927 1928 x x 2

1922 10 24 1922 11 27 x x 2

1920 12 10 1920 12 13 x x x 2

1915 1918 x x 1

1909 8 19 1910 x x x 2

1908 10 31 1908 12 12 x x x 2

1907 5 5 1907 5 26 x x 2

1906 4 22 1906 12 x x 2

1904 x x 2

1897 12 1 1898 2 1 x x 2

1893 12 1 1894 2 1 x x 2

1883 x x 2

1880 x x 2

Volcano Lat. (S)
Long. 
(W)

Start date End date Location E
xplosive

Lava

F
atalities

E
st. V

E
I
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Year

M
onth

D
ay Year

M
onth

D
ay

C
entral

F
lank

R
adial 

fissure

R
egional 
fissure

Villarrica (continued) 1879 2 2 1879 3 x x 2

1877 3 12 1877 5 x x 2

1875 11 17 1876 x x 2?

1874 4 16 x x 2

1869 2 4 1869 2 24 x x 2

1864 10 x x 2

1859 5 19 1860 4 12 x x 2

1853 11 x x 2?

1837 11 7 1837 11 21 x x 2

1832 12 24 x x 2

1822 11 19 1822 11 25 x x 2

1815 1818 x x 1

1806 4 1806 5 x x 2

1790 1 1801 x x 1

1787 x x x 2

1780 x x 1

1777 1779 x x 1

1759 12 1759 12 x x 1

1751 12 14 x x 1?

1745 x x 1?

1742 x x 2?

1737 12 24 x x 2?

1730 7 8 x x 2?

1716 x x 1

1688? x x 1

1657 3 15 x x 1?

1647 5 13 x x 1?

1594 x x 2

1562 x x 2

1558 x x 2

Quetrupillan 39.50 71.70 1872 6 6 2?

Mocho-Choshuenco 39.93 72.03 1937 6 16

1864 11 1 1864 11 3 x x 2

Carrán-los Venados 40.35 72.07 1979 4 14 1979 5 20 x x x 2

1955 7 27 1955 11 12 x x x 4

1907 4 9 1908 2 x x x 3

Cordón Caulle 40.52 72.20 1960 5 24 1960 7 22 x x x 3

1934 3 6 x x 2?

1929 1 7 x x 2?

1921 12 13 1922 2 x x x 3?

Puntiagudo-C. Cenizos 40.97 72.26 1893? x

1850 x x

Osorno 41.10 72.49 1869 x x 2

1855 x x 2?

1851 x 2?

1837 11 7 x x 2

1834 11 29 1835 2 24 x x x x 3?

1790 3 9 1791 12 26 x x x 2

1765 (+/- 14) x x 1

1719 x 2

1644 2

1640 2

1575 2

Volcano Lat. (S)
Long. 
(W)

Start date End date Location E
xplosive

Lava

F
atalities

E
st. V

E
I
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Year

M
onth

D
ay Year

M
onth

D
ay

C
entral

F
lank

R
adial 

fissure

R
egional 
fissure

Calbuco 41.33 72.61 1972 8 26 1972 8 26 x x 2

1961 2 1 1961 3 26 x x x 3

1929 1 6 1929 1 6 x x x 3?

1917 4 1917 5 x x x 3?

1911 1912 x 2

1909 3 x 2

1907 4 22 x 2?

1906 x 2

1894 11 16 1895? x x 2?

1893 1 7 1894 1 16 x x 4

1792? x x

Huequi 42.38 72.58 1920? x 2

1906 1907 x 2

1900 x 2

1896 x 2

1893 x x x 2

1890 x x 3?

Minchinmávida 42.79 72.44 1835 2 20 1835 3 15 x x 0?

1834 11 25 x 2

1742 2

Chaitén 42.83 72.65 2008 5 2 x x x 4

Mentolat 44.70 73.08 1710 (+/- 5) x x

Cerro Hudson 45.90 72.97 1991 8 8 1991 10 27 x x x x 5+

1971 8 12 1971 9 18 x x x 3

1891

Volcano Lat. (S)
Long. 
(W)

Start date End date Location E
xplosive

Lava

F
atalities

E
st. V

E
I

ongoing
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Volcanoes without historically recorded eruptions

The following centres are considered to have been active in the Holocene [Siebert and Simkin,

2002-], but do not have historical eruption records.

Volcano Lat. (S) Long. (W) Volcano Lat. (S) Long. (W)

Palomo 34.61 70.30 Huanquihue group 39.87 71.55

Caldera del Atuel 34.65 70.05 Mencheca 40.53 72.04

Risco Plateado 34.93 70.00 Puyehue 40.59 72.12

Calabozos 35.56 70.50 Cerro Pantoja 40.77 71.95

San Pedro-Pellado 35.99 70.85 Antillanca group 40.77 72.15

Laguna del Maule 36.02 70.58 Tronador 41.16 72.89

Nevado de Longaví 36.19 71.16 Cayutué-la Viguería 41.25 72.27

Lomas Blancas 36.29 71.01 Cuernos del Diablo 41.40 72.00

Payún Matro 36.42 69.20 Yate 41.76 72.40

Resago 36.45 70.92 Hornopirén 41.87 72.43

Domuyo 36.58 70.42 Apagado 41.88 72.58

Cochiquito cones 36.77 69.82 Corcovado 43.18 72.80

Tromen 37.14 70.03 Cerro Yanteles 43.50 72.80

Puesto Cortaderas 37.55 69.62 Palena cones 43.78 72.47

Trocon 37.75 69.88 Melimoyu 44.08 72.88

Laguna Mariñaqui 38.27 71.10 Puyuhuapi 44.30 72.53

Tolguaca 38.31 71.65 Cay 45.06 72.98

Sollipulli 38.97 71.52 Maca 45.10 73.17

Caburgua-Huelemolle 39.25 71.70 Río Murta 46.17 72.67

Lanín 39.63 71.50
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Large post-glacial eruptions (Magnitude ≥3)

Volcano Unit name Magnitude Years BP Method References

Llaima Lla2009 3 -59 Hist 20

Lla1955 3 -5 Hist 20

Lla1945 3 5 Hist 20

Lla1932 3 18 Hist 20

Lla1864 3 86 Hist 20

Lla1862 3 88 Hist 20

Lla1640 4 310 Hist 20

Ll-surge2 4 8220 C14 1,13

Ll-surge1 4 9007 C14 1,13

Ll-plinian 5.5 9852 C14 1,13

Ll-subplinian3 4 10582 C14 13

Ll-subplinian2 4 11958 C14 13

Ll-subplinian1 4 12839 C14 1,13

Curacautín 2 5.9 14868 C14 13

Curacautín 1 6.1 16023 C14 1,13

Sollipulli So-A 5.8 2960 C14 3

Villarrica Vil1948 3 2 Hist 9

Vi-A 3 519 C14 16

Cónquil 4 1463 C14 8

Ski 4 1927 Tephchr. 8

Los Nevados 4 2220 Tephchr. 8

Pedregoso 4.5 2629 C14 8

Pucón 5.4 3963 C14 8

Afunalhue 4.5 4605 C14 8

Candelaria 4.5 6408 C14 8

Chépica 4 7990 Tephchr. 8

Voipir 4 9519 C14 8

Turbio 4 12601 C14 8

Pucura 4.5 14504 Tephchr. 8

Licán 5.9 16418 C14 8,13

Quetrupillan Qu-A 4 1114 C14 5

Lanín La-G 4 1346 C14 10

La-F 4 1516 C14 10

La-E 4 1988 C14 10

La-D 4.5 2525 C14 10

La-C 4 8232 C14 10

La-B 4 11253 C14 10

La-A 4 12451 C14 10

Mocho-Choshuenco Mo-A 4 5162 C14 4

Neltume 5.3 11050 C14 4

Pirehueico 5 >11kyr est. 16

Years BP defined as years before A.D. 1950

Magnitude estimates follow definition of Pyle (2000)

Method refers to eruption dating: Hist=historically recorded, C14=Radiocarbon dating, 
Tephchr.=Tephrochronology

References: 1=Naranjo and Moreno (1991), 2=Heusser et al. (1992), 3=Naranjo et al. (1993), 
4=Echegaray et al. (1994), 5=Pavez (1997), 6=Haberle and Lumley (1998), 7=Naranjo and 
Stern (1998), 8=Clavero and Moreno (2004), 9=Lara (2004), 10=Lara et al. (2004a), 
11=Moreno (2004), 12=Naranjo and Stern (2004), 13=Lohmar et al. (2005), 14=Lara et al. 
(2006), 15=Villarosa et al. (2006), 16=Stern et al. (2007), 17=Singer et al. (2008), 18=Stern 
(2008), 19=Watt et al. (2009), 20=Siebert and Simkin (2010-), 21=data in this thesis.
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Volcano Unit name Magnitude Years BP Method References

Carrán-los Venados Car1955 4.6 -5 Hist 20

Car1907 3 43 Hist 20

Puyehue-C. Caulle CoC1960 3.7 -10 Hist 14,17

CoC1921 4.4 29 Hist 14,17

Pu-D 4.5 568 C14 14,17

Pu-C 4.5 738 C14 14,17

Pu05 4.9 1064 C14 14,17,20

Pu-B 4.5 1886 C14 14,17

Pu-A 4.5 2175 C14 14,17

Pr2 5 6641 C14 14,17

Mascardi 4.5 8481 C14 15

Pr1 4.5 10419 C14 14,15,17

Trebol 4 12486 C14 15

Antillanca An-A 4 1731 Tephchr. 17

NHT 5.4 2200 C14 17,20

Osorno Oso1834 3 116 Hist 20

Os-G 3 621 C14 11

Os-F 3 951 C14 11

Os-E 4 1185 Tephchr. 11

Os-D 3 1493 C14 11

Os-C 3 2165 C14 11

Os-B 3 3973 C14 11

Os-A 4 4941 Tephchr. 11

Calbuco Cal1961 3 -11 Hist 20

Cal1929 3 21 Hist 20

Cal1917 3 33 Hist 20

Cal1893 3.5 57 Hist 20

Ca13 4.6 1307 C14 21

Ca12 4.8 2045 C14 21

Ca11 4.9 7072 C14 21

Ca10 4.5 7829 Tephchr. 21

Ca9 3.5 8300 Tephchr. 21

Ca8 5 8737 Tephchr. 21

Ca7 4.6 9530 C14 21

Ca6 3.5 9889 Tephchr. 21

Ca5 3.5 10009 Tephchr. 21

Ca4 3.5 10120 Tephchr. 21

Ca3 3.5 10231 Tephchr. 21

Ca2 3.5 10356 Tephchr. 21

Ca1 5 10481 C14 21

La Vigueria LaVig 4.4 4534 Tephchr. 21

Yate Ya1 3.5 app. 2500 Tephchr. 21

Hornopirén Ho1 4.5 5744 C14 21

Apagado Ap1 5 2622 C14 21

Huequi Hue1890 3 60 Hist 20

Minchinmávida MIC2 5.6 4208 C14 12

MIC1 5.1 7294 C14 12

Chaitén Cha2008 4.3 -58 Hist 19

CHA1 5.5 9777 C14 12,21

Corcovado COR3 4.9 7755 C14 12

COR2 4.7 8817 C14 12

COR1 4.6 9293 Tephchr. 12

Yanteles CM4 4 4470 C14 2

CM3 4 7478 C14 2

YAN1 5.3 9696 C14 12
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Volcano Unit name Magnitude Years BP Method References

Palena PalRF 5 11426 C14 2,21

Melimoyu MEL2 4.6 1638 C14 12

MEL1 5.1 2831 C14 12

Mentolat MEN1 5.1 7518 C14 12

Maca MAC1 5.2 1407 C14 12

Hudson H1991 5.5 -41 Hist 7

T9/H1971 3.5 -21 Hist 7

T8 4 252 C14 7

T7 4 1072 C14 7

HW7 3.5 1548 C14 6

T6 4.5 2054 C14 7

HW6 3.5 2558 C14 6

H2/T5 6 3851 C14 7

T4 5 4717 C14 7

T3 4 7221 C14 7

H1/T2 6.2 7561 C14 18

T1 5 7765 C14 7

HW3 3.5 11428 C14 6

HW2 3.5 13798 C14 6

HW1 3.5 14533 C14 6




