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Abstract7

In this article I present a review of InSAR observations of ground deformation8

at Cordón Caulle volcano, whose 2011-2012 VEI 4-5 eruption is the best scientifically9

observed and instrumentally recorded rhyolitic eruption to date. I document a complete10

cycle of pre-eruptive uplift, co-eruptive subsidence and post-eruptive uplift with InSAR11

data between March 2003 and May 2020 and produced by a complex interplay of12

magmatic processes. Pre-eruptive data show ∼0.5 m of ground uplift in three distinct13

episodes between 2003 and 2011, with uplift rates between ∼3 and ∼30 cm/yr. The14

uplift was likely caused by magma injection resulting in pressurization of the magmatic15

system at depths of 4-9 km. Data spanning the first 3 days of the eruption show ∼1.516

m of deflation produced by two distinct sources at 4-6 km depth located 18 km from17

each other and up to 10 km from the eruptive vent — suggesting hydraulic connectivity18

of a large magma mush zone. A third source of deformation was recorded during the19

rest of the eruption at a depth of ∼ 5 km, resulting in a total subsidence of ∼2.5 m.20

On a much smaller spatial scale (∼25 km2), InSAR-derived digital elevation models21

recorded ∼250 m of uplift in the area of the eruptive vent interpreted as the intrusion22

of a shallow laccolith during the first 2.5 months of the eruption and time averaged23

lava discharge rates up to ∼150 m3/s.The co-eruptive time series of reservoir pressure24

drop and extruded volume follow exponential trends that can be explained by a model25

of magma reservoir depressurizationand conduit flow. Since the end of the eruption,26

the surface of the volcano was uplifted ∼1 m in a sequence of three transient episodes27

of unrest during 2012 and 2019, with uplift rates between 6 and 45 cm/yr and lasting28

between 0.5 and 3.2 years. These pulses can be modeled by the same source, a sub-29

horizontal sill at a depth of ∼6 km. Viscoelastic relaxation is not significant on these30

time scales, hence I interpret these uplift signals as being produced by episodic pulses of31

magma injection in the crystal mush that likely underlies the volcano. The episodic and32

abrupt changes of the ground deformation suggests a restless trans-lateral magmatic33

system at depths of 4-9 km and active across multiple spatial and temporal scales.34

Finally, I also discuss challenges of the InSAR technology that should be addressed to35

detect ground deformation on short time scales, particularly under the low coherence36

conditions of Cordón Caulle.37
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1 Introduction38

Volcanic eruptions are one of the most spectacular geological processes observed on Earth.39

These events are produced by the ascent and extrusion of magma, molten rock composed of40

melt, crystals, and gases. The occurrence, duration, and style (either explosive or effusive)41

of the resulting eruption depend on a complex interplay of factors. These include the magma42

volume, ascent rate, composition, volatile content, and physicochemical transformations that43

the magma undergoes as it ascends and depressurizes, traveling from its storage area in a44

shallow reservoir through either a narrow conduit or a sill to the surface (Wilson et al.,45

1980; Tait et al., 1989; Jaupart and Tait , 1990; Jaupart , 2000; Edmonds and Wallace, 2017;46

Tait and Taisne, 2012; Dufek et al., 2012; Gonnermann and Manga, 2012; Gonnermann,47

2015). The complexity of volcanic processes has been recently highlighted by a review48

article which stated that the first grand challenge in volcano science is to ”forecast the onset,49

size, duration, and hazard of eruptions by integrating observations with quantitative models50

of magma dynamics” (National Academies of Sciences and Medicine, 2017). Fortunately,51

eruptions and/or the emplacement of magma in the upper crust are typically preceded by52

several signs of unrest including changes in ground deformation (e.g., Pinel et al., 2014),53

temperature (Reath et al., 2019), seismicity (e.g., Chouet and Matoza, 2013), and degassing54

(e.g., Carn et al., 2016) that can provide insights into their dynamics, and potentially forecast55

them (Sparks et al., 2012). However, there are still basic volcanological questions that56

remain unanswered. These include: 1. How is magma stored and transported in the crust?57

2. What triggers eruptions? 3. What controls the duration and magnitude of eruptions?58

4. What unrest signals are evidence of an imminent eruption? (National Academies of59

Sciences and Medicine, 2017; Wilson, 2017). Even in the best monitored volcanoes on Earth,60

eruption forecasting can be very challenging (Thelen et al., 2017; Peltier et al., 2018). Our61

understanding of the dynamics of these systems is still incomplete because we are inherently62

limited by the low resolving power of observations made from the Earth’s surface (Bachmann63

and Huber , 2016) rather than in the actual reservoirs where magma is stored (Lowenstern64

et al., 2017).65

Ground deformation data is a useful tool for volcano monitoring because the ascent of magma66

and the resulting eruption are usually coeval with displacement on the Earth’s surface (Sparks67

et al., 2012). Thereby deformation allows us to potentially forecast and better understand68

volcanic processes. Volcano geodesy has traditionally relied on ground measurements includ-69

ing including tiltmeters and continuous GPS but it has been revolutionized by Interferometric70

Synthetic Aperture Radar (InSAR), providing new insights on a variety of volcanic processes71

like eruption dynamics (Dzurisin and Lu, 2007; Pinel et al., 2014; Lu and Dzurisin, 2014;72

Dumont et al., 2018; Dzurisin et al., 2019). The key advantage of InSAR is that it is the only73

geodetic method that can measure ground deformation over large areas (> 40x40 km2) with74

repeat periods of a few days and with small uncertainties (∼5 cm per interferogram). Com-75
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pilations of satellite observations show a wide diversity of InSAR-derived deformation signals76

on volcanoes in Latin America (Reath et al., 2019) and elsewhere (e.g., Lu and Dzurisin,77

2014), but the relation between deformation and eruption is not always clear (Biggs et al.,78

2014; Biggs and Pritchard , 2017; Delgado et al., 2017; Reath et al., 2019).79

In this review article I present a summary of 17 years of InSAR observations at Cordón80

Caulle volcano (Figure 1) in the Southern Volcanic Zone (SVZ) of the Chilean and Argen-81

tinian Andes (Stern, 2004) and the magmatic processes that can be unravelled with InSAR82

observations. Although InSAR data have contributed to key observations of volcanic pro-83

cesses in the SVZ, particularly during the VEI4-5 2008-2009 Chaitén (Wicks et al., 2011)84

and 2015 Calbuco (Nikkhoo et al., 2016; Delgado et al., 2017) eruptions and a sequence of85

unrest at Laguna del Maule volcano (Feigl et al., 2014; Le Mével et al., 2015; Novoa et al.,86

2019), in no other volcano in the SVZ than at Cordón Caulle it has shed light about a wide87

variety of volcanic processes (Pritchard and Simons , 2004; Fournier et al., 2010; Jay et al.,88

2014; Bignami et al., 2014; Delgado et al., 2016, 2018, 2019; Castro et al., 2016; Wendt et al.,89

2017; Euillades et al., 2017). These include a sequence of transient pre-eruptive pulses of90

magma injection, co-eruptive subsidence, lava flow extrusion and shallow laccolith intrusion,91

lava flow subsidence, and episodic post-eruptive magma injection that can lead to a potential92

new eruption (Figure 2). At the time of writing (July 2020), no other subduction volcano93

in America except for Okmok in the Aleutians (Lu and Dzurisin, 2014) displays the wide94

variety of signals due to magmatic and superficial processes that can be observed with In-95

SAR. The discovery of ground deformation at Cordón Caulle has been directly related to96

improvements in the SAR civilian platforms. Therefore, in this review I rely on multiplat-97

form InSAR data and relate them to other geological observations (Castro et al., 2013, 2016;98

Bonadonna et al., 2015) only when they are relevant for the scope of this study.99

I start this review with a summary of InSAR and volcano geodesy studies in the Southern100

Andes, highlighting the value of the method with respect to other geodetic techniques,101

particularly for the scope of this special issue on New advances on SAR Interferometry102

in South America. I then describe a complete cycle of pre-eruptive uplift, co-eruptive103

subsidence and post-eruptive uplift at Cordón Caulle imaged with InSAR. Then, I describe104

volcanological aspects where InSAR has made a leap forward in our understanding of rhyolitic105

dynamics. I finalize with a discussion on the challenges and opportunities for a better use of106

InSAR in the Southern Andes, including a qualitative comparison of different SAR data sets107

for the environmental conditions of Cordón Caulle. The time period of this study starts in108

March 2003 and ends in January 2020. It spans since the beginning of the operation phase109

of ENVISAT which was the first platform to systematically acquire data in the area to the110

current COSMO-SkyMED, TerraSAR-X, Sentinel-1, ALOS-2 and RADARSAT-2 acquiring111

several hundreds of SAR images per year. Therefore, significant changes in the InSAR112

technology have resulted in a much faster discovery and better understanding of magmatic113

processes than before.114

3



 

2 Volcano Geodesy in the Southern Andes115

The Southern Volcanic Zone (SVZ) (Figure 1) is one of the most active volcanic segments116

in the Andean volcanic arc of South America (Stern, 2004) with a time-averaged eruption117

rate of ∼0.5 events/year during the 20th century (Dzierma and Wehrmann, 2012). The rate118

increased to ∼1.3 events/year between 2008 and 2016 (Llaima January 01 2008, Chaitén119

May 02 2008-2009, Llaima April 03 2009, Cordón Caulle 04 June 201, Peteroa 2010-2011,120

Hudson October 26 2011, Copahue December 2012, Villarrica 03 March 2015, Calbuco April121

22 2015, Nevados de Chillan January 2016 - ongoing). These volcanoes have a wide range of122

eruptive styles that vary from small basaltic Strombolian (VEI 1-2) to large rhyolitic Plinian123

(VEI 5) eruptions. The SVZ includes Villarrica and Llaima, two of the most active edifices124

in South America with each having more than 50 historical eruptions since the mid XVI125

century. Of the 9 SVZ volcanoes that erupted during 2008-2017, Chaitén, Cordón Caulle,126

Villarrica and Calbuco are scientifically important regardless of their magma composition.127

The VEI 4-5 2008-2009 Chaitéen and 2011-2012 Cordón Caulle eruptions were the first and128

second rhyolitic eruptions with scientific instrumental observations in real time (Major and129

Lara 2013; Jay et al. 2014), the latter the first time that the extrusion of a rhyolitic lava flow130

has been observed in detail (Tuffen et al., 2013). Villarrica is a basaltic/andesitic volcano131

that hosts one of the seven semi-permanent lava lakes on earth (Lev et al., 2019). Finally,132

the VEI 4 2015 Calbuco eruption is a rare case of a sub-Plinian andesitic eruption with little133

to none geodetic and seismic precursory activity (Delgado et al., 2017). The SVZ is thus an134

excellent place to constrain the mechanisms responsible for magma storage and transport,135

as well as to investigate how eruptions are triggered and evolve.136

InSAR data have been recorded in the SVZ since 1993 (Pritchard and Simons , 2004), but137

systematic observations with good interferometric coherence have only been available since138

January 2007 by ALOS-1 data (Fournier et al., 2010). InSAR provided the first geodetic139

observations in the SVZ volcanoes because to my knowledge classical ground geodesy such as140

tiltmeters and leveling were never attempted in this region. Several InSAR studies have been141

carried out in the SVZ including regional surveys (Pritchard and Simons , 2004; Fournier142

et al., 2010; Pritchard et al., 2013; Delgado et al., 2017; Reath et al., 2019) and detailed143

studies focused on individual volcanoes. These include from N to S Peteroa (Romero et al.,144

2020), Laguna del Maule (Feigl et al., 2014; Le Mével et al., 2015, 2016; Novoa et al., 2019;145

Zhan et al., 2019), Domuyo (Astort et al., 2019; Lundgren et al., 2020), Nevados de Chillán146

(Pritchard et al., 2013; Reath et al., 2019; Delgado, 2018), Copahue (Velez et al., 2011,147

2015; Lundgren et al., 2017; Reath et al., 2019), Lonquimay (Fournier et al., 2010), Llaima148

(Fournier et al., 2010; Bathke et al., 2011; Remy et al., 2015; Delgado et al., 2017), Villarrica149

(Delgado et al., 2017; Reath et al., 2019), Cordón Caulle (Jay et al., 2014; Bignami et al.,150

2014; Delgado et al., 2016, 2018, 2019; Wendt et al., 2017; Euillades et al., 2017), Calbuco151

(Nikkhoo et al., 2016; Delgado et al., 2017), Chaitén (Fournier et al., 2010; Wicks et al., 2011;152
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Reath et al., 2019) and Hudson (Pritchard and Simons , 2004; Delgado et al., 2014; Reath153

et al., 2019). These studies show that the SVZ volcanoes have in general shallow magma154

reservoirs (z < 10 km), with injection rates of ∼0.01-0.03 km3/yr. Some of these reservoirs155

are significantly offset from the center of the volcano (Delgado et al., 2017). In some cases156

deformation preceded eruptions, while in some it did not (Reath et al., 2019). The 2008-2009157

Chaitén, 2011-2012 Cordón Caulle and 2015 Calbuco VEI 4-5 eruptions all were coeval with158

ground subsidence due to magma extraction from shallow reservoirs.159

The large number of eruptions and the discovery of deforming volcanoes with InSAR in160

the past 12 years led to the deployment of continuous GPS and tilt meters for continu-161

ous monitoring in several volcanoes of the SVZ by OVDAS (Observatorio Volcanológico de162

los Andes del Sur), part of the Chilean Volcano Monitoring Network operated by SERNA-163

GEOMIN (Servicio Nacional de Geoloǵıa y Mineŕıa). The first permanent continuous GPS164

stations in the SVZ were deployed in October 2011 - February 2012 and in December 2017165

for Cordón Caulle. Nevertheless, the late deployment of these instruments with respect to166

the eruptions and episodes of unrest implies that only in a few cases they have contributed167

to a better understanding of volcano dynamics in the SVZ with respect to InSAR (e.g., Le168

Mével et al., 2015). Further, no permanent GPS stations existed at the time of the Chaitén,169

Cordón Caulle and Calbuco eruptions. Stations were deployed after the onset of the Chaitén170

(Pina-Gauthier et al., 2013) and Cordón Caulle eruptions (Wendt et al., 2017), and a single171

tiltmeter recorded the 2015 Calbuco eruption (Delgado et al., 2017). However, the few data172

and the large distance with respect to the volcanoes required to interpret the data jointly173

with the InSAR observations. Finally, microgravity has only been recorded at Laguna del174

Maule volcano (Miller et al., 2017), with an ongoing continuous microgravity deployment at175

the summit of Villarrica volcano (Héléne Le Mével, personal communication).176

3 Cordón Caulle Geological Background177

Cordón Caulle is a long-lived system made up of a graben bounded by two sets of NW-SE178

trending fissures and the central volcano of a NW-SE volcanic range made up by Cordillera179

Nevada caldera to the NW and Puyehue volcano to the SE (Figure 1, Lara et al., 2004,180

2006a,b). These three volcanoes have chemically distinct evolutions, with Cordón Caulle181

erupting only rhyolitic and rhyodacitic lavas in the Holocene (Singer et al., 2008). The lava182

flows erupted in 1921-1922 and 1960 were sourced from vents located in the S fissure (Lara183

et al., 2004; Singer et al., 2008) and are rhyodacites and rhyolites respectively, with their184

rare earth element patterns overlapping suggesting a common magma source (Castro et al.,185

2013). The VEI 4 1960 eruption occurred 1.5 days after the 1960 Mw 9.5 Valdivia megathrust186

earthquake suggesting a link between the two (Barrientos , 1994; Lara et al., 2004).187

The 2011-2012 eruption of Cordón Caulle (Figure 1) started on June 4, 2011 lasting for ∼9188
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months until March 2012, and was the first eruption of the volcano since 1960. The eruption189

was preceded by significant ground uplift between 2007 and 2011 (Jay et al., 2014) and by 2190

months of seismicity above background levels (Wendt et al., 2017; Delgado et al., 2018). The191

eruptive vent was located on the northern scarp that bounds the graben structure (Figure 1).192

The climactic phase of the eruption lasted ∼27 hours and ejected a ∼9-12 km high eruptive193

column, with a VEI of 4-5 with a mass flow rate (MFR) of ∼107 kg/s, which then decreased194

to ∼106 kg/s (Bonadonna et al., 2015). The eruption style shifted from purely explosive195

to hybrid explosive–effusive on June 15, with the extrusion of ∼0.6 km3 of a rhyolitic lava196

flow (Coppola et al., 2017, Figure 1) punctuated by mixed ash-gas jets with Vulcanian blasts197

(Schipper et al., 2013; Castro et al., 2014) with MFR <∼ 106 kg/s, and correlated with198

an increase in the quasi-harmonic tremor (Bertin et al., 2015). The lava time averaged199

discharge rate (TADR) decreased exponentially from the onset of extrusion until October-200

November 2011 (Coppola et al., 2017), when a second pulse of lava effusion increased both201

the quasi-harmonic tremor and TADR until the eruption ended in March 2012 (Bertin et al.,202

2015; Coppola et al., 2017). A shallow laccolith with a volume of ∼0.8 km3 was emplaced203

at depths of 0.2-0.4 km during the first month of the eruption in the transition from purely204

explosive to hybrid explosive-effusive activity (Castro et al., 2016; Delgado et al., 2019). The205

total erupted volume is ∼1.22 km3 for the tephra erupted between June 4-7, 2011 (Pistolesi206

et al., 2015) and ∼1.2 km3 bulk (Castro et al., 2016) to 1.45 km3 DRE (Delgado et al.,207

2019) for the lava flow and the shallow laccolith. Field observations in early January 2012208

showed that the lava extrusion was coeval to a weak eruptive column, gas and ash jetting209

punctuated by short Vulcanian blasts (Schipper et al., 2013). The erupted magma has a210

rhyolitic composition (explosive phase pumice 69.5% SiO2, lava 71-72% SiO2) that overlaps211

with the composition and rare earth elements of the 1960 and 1921-1922 eruptions, and was212

stored at depths between 2.5 and 6 km (Castro et al., 2013; Jay et al., 2014; Wendt et al.,213

2017). The explosive phase magma was nearly aphyric resulting in a highly mobile rhyolite214

with fast ascent rates (Castro et al., 2013).215

4 InSAR methods216

In this review I have included observations from almost every SAR mission available since217

2003, which include ENVISAT, ALOS-1, TerraSAR-X/TanDEM-X (TSX/TDX), COSMO-218

SkyMED (CSK), RADARSAT-2 (RS2), UAVSAR, Sentinel-1 (S1) and ALOS-2 (Table 1).219

Data from ERS-1/2 are only briefly described due to its low quality (Pritchard and Simons ,220

2004). SAR data from the legacy JERS and RADARSAT-1 and from the newer SAOCOM-1221

and PAZ missions are not available.222

The first InSAR studies at Cordón Caulle (Pritchard and Simons , 2004; Jay et al., 2014)223

used individual interferograms processed with a standard range-Doppler processing chain224
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implemented in the legacy JPL ROI PAC software (Rosen et al., 2004). New algorithms and225

processing tools like SAR focusing with a motion compensated orbit (Zebker et al. 2010), ge-226

ometric coregistration (Sansosti et al., 2006) and zero-Doppler processing (Eineder , 2003) for227

individual interferograms and time series have been implemented in the JPL ISCE (Rosen228

et al., 2012) and ISTerre/IPGP NSBAS (Doin et al., 2011; Grandin, 2015) software. All229

the interferograms and time series presented in this study (Figure 3 - Figure 6) were pro-230

cessed with the ISCE software except two co-eruptive ENVISAT interferograms which were231

processed with the ROI PAC software (Figure 4a-b, Jay et al., 2014) and the Sentinel-1232

descending time series (Figure 5) that was processed with the NSBAS software. Data pro-233

cessing is described in detail in the supplementary information (SI) and elsewhere (Delgado234

et al., 2016, 2017). Due to the improvement of the InSAR workflows and a better data235

availability, I have used these new tools to reprocess interferograms from the now legacy236

ENVISAT and ALOS-1 missions presented in previous studies (Jay et al., 2014; Euillades237

et al., 2017; Wendt et al., 2017). These results include new ALOS-1 time series and a source238

model for the first episode of ENVISAT-detected uplift between 2003 and 2007, which extend239

the sequence of pre-eruptive uplift from February 2007 (Jay et al., 2014) to February 2003.240

Further, I have also expanded CSK, RS2 and S1 time series from May 2018 (Delgado et al.,241

2018) to May 2020.242

5 InSAR observations243

In this section I describe all the deformation signals observed between 2003 and 2020 at244

Cordón Caulle.245

5.1 Pre-eruptive ground deformation246

5.1.1 1993-1996247

Pritchard and Simons , 2004 presented a single ERS-1/2 interferogram that recorded 8 cm of248

subsidence at the Cordón Caulle graben during 1996-1999. The limited temporal resolution249

of this interferogram and the lack of other independent data results in a large degree of uncer-250

tainty in the interpretation of this deformation signal, which has been attributed to changes251

in the hydrothermal system of the volcano (Matthew Pritchard, personal communication).252

Therefore this data set is not considered further in this study.253
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5.1.2 2003-2007254

The first unambiguous observations of ground uplift were recorded by ENVISAT IM2 as-255

cending and descending interferograms (Fournier et al., 2010) and span 2003 to 2007, with256

a maximum line-of-sight uplift rate of ∼3-4 cm/yr observed at the Cordón Caulle graben257

(Figure 3a-b and Figure S1). These interferograms can be modeled by the opening of a sub258

horizontal sill at a depth of 5.2 km with a total volume change of 0.013 km3 during 2003-2007259

(Supplementary Material).260

5.1.3 2007-2011261

A second pulse of uplift was detected by ALOS-1 ascending interferograms which recorded262

∼30 cm during January 2007 and February 2008 (Figure 3c). The deformation signal is263

located on both Cordón Caulle and Cordillera Nevada caldera and can be modeled by two264

spherical sources at depths between 2.8 and 4.1 km, with a total volume change of 0.023265

km3 (Fournier et al., 2010; Jay et al., 2014). The poor temporal sampling of the data does266

not allow to properly assess the temporal evolution of uplift267

A third pulse of uplift occurred during mid 2008 to early 2009, with a maximum uplift268

of ∼15 cm recorded by ALOS-1 ascending data. The deformation signal was observed in269

the W flank of Cordón Caulle and is different in location to that of the 2007-2008 episode270

(Figure 3). Because the line-of-sight (LOS) is the same than for the the 2007-2008 episode of271

uplift, the shift in location is produced by a different source compared to that of 2007-2008.272

Different deformation sources (small sphere, prolate spheroid, sill) can model the data, with273

depths between 5 and 9 km, although none can properly fit both ascending stacks and a274

single descending interferogram (Figure 3f). The source volume change during 2008-2009275

is 0.03 km3 for the spherical source (Jay et al., 2014). Jay et al., 2014 showed that uplift276

paused between 2009 and 2010, but the ALOS-1 time series shows that uplift continued from277

2010 to 2011 (Figure 3). Therefore I consider that the episode lasted between May 2008 and278

January 2011.279

Jay et al., 2014 observed a small uplift signal located within Cordillera Nevada caldera280

near the Trahuilco geyser (Sepulveda et al., 2004) that occurred between February 13 2010281

and March 31 2010 (Figure 3d). This deformation signal was modeled with a very shallow282

spherical source at a depth of 1.7 km with a volume change of 0.0014 km3.283

A fourth pulse of uplift with an amplitude of 5 cm was recorded by ENVISAT IM6 data284

during March-May 2012. The data can be modeled with a sill at a depth of 4 km with a total285

volume change of 0.003 km3 (Jay et al., 2014). However Euillades et al., 2017 speculated that286

the signal observed in this interferogram could be an atmospheric artifact, but pair-wise logic287

could not be applied to discriminate between these two scenarios. Due to this discrepancy,288
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this signal is not considered further.289

Therefore, InSAR data suggests at least three pulses of pre-eruptive uplift at depths between290

3 and 9 km. The simplest and most likely mechanism to explain these signals is magma291

injection in a shallow crystal mush underlying the volcano because the deformation sources292

are much deeper than the inferred depth of the shallow hydrothermal system (Sepulveda293

et al., 2005, 2007; Jay et al., 2014). The spatial shift in location of the deformation signals294

results from magma injection in different parts of the plumbing system of Cordón Caulle295

and will be discussed with detail later in the manuscript. The only exception is the localized296

deformation in the Trahuilco Geyser in early 2010, which Jay et al., 2014 interpreted to297

be of hydrothermal origin in response to the dynamic triggering of the 2010 Mw 8.8 Maule298

earthquake.299

5.2 Co-eruptive ground deformation300

The co-eruptive ground deformation signals are different compared with those of the sequence301

of pre-eruptive uplift. The eruption started 2 months after the end of the ALOS-1 mission302

and during the ENVISAT extension mission. The latter was the only satellite that recorded303

data throughout the complete eruption and was the core data analyzed by all the studies304

that have studied the eruption with InSAR (Jay et al., 2014; Bignami et al., 2014; Wendt305

et al., 2017; Euillades et al., 2017; Delgado et al., 2019), with five additional TSX and RS2306

interferograms processed by Delgado et al., 2019.307

A 30-day interferogram that spans the first three days of the eruption (June 04-07 2011)308

shows 1.3 and 0.3 m of LOS subsidence at Cordillera Nevada caldera and Puyehue volcano309

respectively (Figure 4a, Jay et al., 2014; Bignami et al., 2014; Wendt et al., 2017). The310

subsidence was produced by deflating sources located at depths of 3.8 and 6.1 km with a311

total volume change of ∼ 0.11 km3 respectively. The deformation sources are offset 10-15312

km from the eruptive vent which implies a mechanism of lateral magma transport from313

these lateral sources to the eruptive vent. Interferograms that span the rest of the eruption314

have no coherence on top of the volcano until the eruption waned and coherence increased315

during the 2011-2012 austral summer. Nevertheless, all of these data sets record several316

tens of centimeters of subsidence due to lava effusion (Figure 4b-c). The post June 7 2011317

deformation signal can be modeled by a finite-sized prolate spheroid calculated with the finite318

element method based on the inversion for an analytic model (Delgado et al., 2019), providing319

better model fits than previous attempts with a single Mogi source (Jay et al., 2014; Wendt320

et al., 2017). The spheroid depth is ∼5.2 km below the volcano, centered on the graben and321

oriented in the direction of the volcanic chain. The spheroid semi-major and semi-minor322

axes are 10 and 2.5 km respectively (Figure 4, Figure 7). Delgado et al., 2019 inverted 20323

coherent interferograms with the spheroid source fixed to retrieve a time series of pressure324
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change that follows an exponential trend (shown in Figure 4 for the effusive phase only). The325

best-fit spheroid and the time series of pressure change predict a pressure drop of ∼20-50326

MPa, a reservoir volume change of 0.5 km3, and ∼2.2-2.7 m of LOS subsidence on top of the327

volcano (Figure 2). The data also suggests a slight change in the deformation source during328

the second half of the eruption, in agreement with a second pulse of lava effusion (Bertin329

et al., 2015; Coppola et al., 2017), but the change was minor and therefore not described330

here further. These three deflating sources (two during June 04-07 2011 and one during the331

rest of the eruption) are consistent with three bodies of magma tapped during the first week332

of the eruption (Alloway et al., 2015). In general the depths of the spherical and prolate333

spheroidal sources of 4-6 km are in agreement with depths inferred from geobarometry (Jay334

et al., 2014) and experimental decompression of the mineral phases observed in the erupted335

tephra (Castro et al., 2013).336

5.2.1 Lava flow effusion and laccolith intrusion337

TanDEM-X CoSSC (Coregistered Slant range Single look Complex) data were acquired338

before and several times during the effusive phase of the eruption. These data were used339

to calculate six high-resolution DEMs that were subtracted to produce differential DEMs340

(dDEMs) that allow to calculate both time-averaged discharge rates (TADR) and time series341

of extruded volume. The dDEM data show a maximum thickness of ∼150 m for the lava342

flow and an area of topographic increase up to ∼250 m immediately east of the lava flow and343

the eruptive vent (Figure 4e-f). This area of uplift was interpreted and modeled by Castro344

et al., 2016 to be produced by the intrusion of a laccolith at very shallow depths of ∼0.2-0.4345

km below the surface. The time series of lava flow and laccolith intrusion volume shows346

an exponential trend with a total volume of ∼1.45 km3 DRE during the whole eruption347

(Figure 2) and ∼1.2 km3 DRE during the effusive phase of the eruption (Figure 4, Delgado348

et al., 2019).349

The temporal resolution of the TDX dDEM data (∼1 data point every 2 months) does not350

allow to pinpoint when did the laccolith intruded with respect to the explosive to effusive351

transition. Single Look Complex (SLC) amplitude images from ENVISAT and TerraSAR-X352

data were also used to track the growth of the laccolith (Castro et al., 2016; Delgado et al.,353

2019). Both studies conclude that the laccolith was emplaced during both the explosive and354

effusive phases of the eruption, starting probably during the first 4 days of the eruption and355

one week before the lava flow effusion. Pixel tracking calculated on these amplitudes images356

show range and azimuth displacements that exceed ∼20 m due to laccolith post-emplacement357

dynamics (Figure 4). The displacement is large enough that it can be observed directly in358

the coregistered amplitude images (not shown).359
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5.2.2 Physicochemical model of the effusive phase of the eruption360

The 2011-2012 eruption is one of the few effusive eruptions to date where both time series361

of ground deformation and topographic change were acquired nearly simultaneously, and362

that showed quasi-exponential trends, like those observed in other eruptions (Anderson and363

Segall , 2011). This makes the 2011-2012 eruption one of the few of this kind where a time-364

dependent physicochemical model can be attempted, like at Mt St Helens (Anderson and365

Segall , 2013).366

The physicochemical model developed by Delgado et al., 2019 is adapted from Anderson and367

Segall , 2011, 2013 and simulates the pressure drop in a magma reservoir (∆P (t)) and the lava368

extrusion (∆V (t)) driven by this pressure drop. Here magma ascends to the surface through a369

conduit from a depressurized horizontal prolate spheroid reservoir that contains isothermal370

magma made up of melt, crystals, and exsolved and dissolved volatiles in a linear elastic371

half-space under a lithostatic load. As magma outflows from the reservoir, the flow rate is372

controlled by the conduit radius, reservoir pressure, and magma viscosity, which is a function373

of the dissolved H2O and the crystal volume fraction. During the eruption, magma piles up374

on top of the eruptive vent, increasing the lithostatic load on the reservoir, and reducing the375

pressure gradient that drives the conduit flow. Since the data have no sensitivity to conduit376

processes, magma properties were assumed constant in the conduit and allowed to vary only377

in the reservoir, The model can be solved with different levels of complexities for constant378

magma properties (hereafter exponential model), constant magma properties but with a379

time-dependent surface load due to magma extrusion (hereafter lava load model) and time-380

dependent magma properties in the reservoir and with a time-dependent surface surface load381

(hereafter physicochemical model). The model parameters are the magma compressibility382

(βm), conduit conductivity (ratio of the fourth power of conduit radius and magma viscosity)383

and pressure drop (pch) for the exponential and lava load models, and the initial overpressure,384

conduit radius, total CO2 and H2O in the magma for the physicochemical model. Equation 1385

- Equation 2 show the analytic model (equations 1-4 in Delgado et al., 2019 and A11-A12 in386

Anderson and Segall , 2011),387

∆P (t) = −pch(1− e−t/τ ) (1)
388

∆V (t) = V0(βm + βch)pch(1− e−t/τ ) (2)

with V0 and βch the reservoir volume and compressibility and τ a time constant function of389

the plumbing system geometry. These models predict exponential-like trends for the reservoir390

pressure change and the extruded volume, like those observed in the data (Figure 4).391

Despite the complexities of the eruption, the low coherence and the poor temporal temporal392

resolution of the InSAR data, Delgado et al., 2019 found that the magma compressiblity of393
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the lava flow and intruded laccolith during the effusive phase is ∼ 1×10−10Pa−1. This value394

is half that of the calculated compressibility for the erupted tephra of ∼ 2× 10−10Pa−1 (Jay395

et al., 2014). This is consistent with rhyolitic magma that was degassed with respect to its396

equilibrium condition at its storage depth of ∼5 km based on H2O and CO2 solubility models397

(Delgado et al., 2019). The models also predict remarkably well the temporal evolution of398

the effusive phase, which follows an exponential trend for both the source pressure drop and399

extruded volume (Figure 4).400

5.3 Post-eruptive inflation401

A significant technological change occurred during the end of the eruption. The end of the402

ENVISAT extension mission coincided with the onset of CSK acquisitions which resulted403

in an increase in the data temporal resolution by more than one order of magnitude. This404

resulted in the application of dense InSAR time series for the first time in the volcano with405

CSK and RS2 stripmap data (Delgado et al., 2016; Euillades et al., 2017).406

Deformation following the eruption started almost immediately, with uplift at an extremely407

fast rate up to 45 cm/yr during March 2012 - January 2013 – the fastest ever detected408

with satellite geodesy (GPS, InSAR) at a rhyolitic volcano. The uplift rate decreased in409

March 2013 to ∼17 cm/yr until May 2015 when deformation abruptly ended. The uplift410

can be modeled by a pressurized subhorizontal distributed opening sill at a depth of 6.2411

km with a volume change of 0.125 km3 (Delgado et al., 2016, uniform opening sill shown in412

Figure 5). The time series of uplift during 2012-2015 follows an exponential trend which was413

interpreted by Delgado et al., 2016 to be evidence of magma injection (e.g., Lengline et al.,414

2008; Le Mével et al., 2016), although at the time other deformation mechanisms could not415

be ruled out. Delgado et al., 2018 tested whether the exponential trend could result due to416

viscoelastic relaxation following a transient pressure increase in the magma reservoir. They417

concluded that a model of a pressurized spheroid surrounded by a Maxwell viscoelastic shell418

with a viscosity of 2× 1017 Pa s and a 1 km radius and with a transient pressure function of419

the form P = Pf (1− e−t/τ ) with τ=0.4 years, Pf=10 MPa could fit the data. However, the420

fit was worst than the magma injection model in an elastic medium, ruling out viscoelastic421

effects.422

After one year with no deformation, uplift resumed in July 2016 until February 2017 (Eu-423

illades et al., 2017; Delgado et al., 2018). This episode of uplift marks the first time that a424

complete multiparametric set of X, C and L band observations from ascending and descend-425

ing CSK stripmap, S1 TOPS, RS2 Wide Ultra Fine and Wide Fine stripmap and ALOS-2426

ScanSAR and stripmap data image the same episode of ground deformation at the volcano.427

The uplift event reached ∼12 cm in 6 months – equivalent to an uplift rate of ∼24 cm/yr,428

and ended abruptly in February 2017 as it did during May 2015. The spatial footprint of429
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the deformation signal is very similar to that of the 2012-2015 episode of uplift. Delgado430

et al., 2018 tested whether the uplift was due to a different source and concluded that it431

is the same deformation source active during 2012-2015, but with a much smaller volume432

change of ∼0.022 km3. This yields a total source volume change of 0.147 km3 during March433

2012 - February 2017. The lack of interferometric coherence during the winter with C and434

X-band data and the poor temporal sampling of ALOS-2 L-band data did not allow to assess435

whether the time series of the 2016-2017 episode of uplift follows an exponential or a double436

exponential trend as observed elsewhere (Le Mével et al., 2016).437

Delgado et al., 2018 showed potential evidence for a third pulse of uplift during May 2017438

- May 2018, but the limited amount of data did not allow to confirm this. New GPS and439

InSAR observations from CSK, RS2 and S1 (Figure 5) show that deformation continued440

beyond May 2018 during a third episode between May 2017 - May 2019, with a rate of ∼5-6441

cm/yr depending on the data set and resulting in a total of 1 m of post-eruptive uplift.442

As during 2016-2017, the deformation signal during 2017-2019 is very similar to that of443

2012-2015 suggesting the same deformation source (Figure 5).444

5.3.1 Lava flow and laccolith post-emplacement ground deformation445

Delgado et al., 2016 presented small baseline RS2 and CSK interferograms spaning two446

weeks during 2013 and 2014 that recorded ∼5-6 cm of LOS subsidence in the lava flow,447

resulting in rates of ∼1.2-1.4 m/yr. However, the lack of a high resolution DEM at the448

time of that study did not allow to better track the flow subsidence, reducing the analysis449

to individual interferograms. A small-baseline stack of RS2 Wide Ultra Fine interferograms450

that spans February to May 2016 plus two ALOS-2 SM3 interferograms during 2015-2016451

show a complex pattern of lava flow subsidence with rates up to 0.5 m/yr in some areas of the452

flow. Other areas of the flow show either uplift or eastward movement towards the satellite.453

These signals cannot be attributed to a simple mechanism of homogeneous lava flow cooling454

and subsidence (e.g., Ebmeier et al., 2012) and imply that sections of the flow were mobile,455

probably flowing laterally four years after the end of the eruption. The extreme thickness of456

the lava flow suggest that subsidence produced by cooling can last for several decades (e.g.,457

Chaussard , 2016). The RS2 stack shows subsidence in the E part of the laccolith, although458

analysis of 2016 TanDEM-X bistatic interferograms shows that the phase in the laccolith is459

proportional to the perpendicular baseline, suggesting a DEM error in that area (Figure 6,460

SI).461
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6 Discussion462

Here I discuss some interesting observations and lessons learned from the Cordón Caulle463

InSAR data and models. These include mainly the long term evolution of the plumbing464

system of the volcano, the triggering mechanism and the temporal evolution of the 2011-465

2012 eruption.466

6.1 Deformation sources467

Source modeling approaches for Cordón Caulle have ranged from the use of simple spherical468

models (Jay et al., 2014) to viscoelastic finite element models (Delgado et al., 2018) and469

physicochemical models that couple the reservoir pressure drop, conduit flow and magma470

physicochemical properties (Delgado et al., 2019). Despite their simplicity, in general ana-471

lytic and numerical source models explain the InSAR ascending and descending data well.472

However, Jay et al., 2014 could not fit the ascending and descending ALOS-1 data for the473

2008-2011 uplift pulse with an analytic model, which suggests that a more complex source474

geometry is required to model that specific pulse of pre-eruptive uplift.475

In general deformation sources are scattered along the extent of the volcanic chain, but476

clustered near Cordón Caulle (Figure 7). The similarity of the deformation sources during477

2003-2007, 2007-2008, 2011-2012 during the effusive phase, and 2012-2017 suggest a com-478

mon zone of magma storage and effusion, which could occur as a neutral buoyancy level at479

depths of 4-6 km (Figure 7). This is in agreement with numerical models that show that480

magma is preferably stored at those depths (Huber et al., 2019). Further, this deformation481

zone has been episodically active before and after the eruption with slight changes in the482

source geometry. For example, the model for 2012-2017 cannot fit well the 2007-2008 data483

(not shown). This source stability in location and time and episodic unrest is similar to484

other basaltic reservoirs like Okmok (Lu et al., 2010; Lu and Dzurisin, 2010, 2014) and Ki-485

lauea (Poland et al., 2014). In general source spatial migration and stability are not well486

understood but could be due just to discrete pulses of magma injection occurring across the487

volcano (e.g.,Dzurisin et al., 2012). The reason why the 2012-2019 sill source is more stable in488

location compared with the pre-eruptive sources is unknown. All these observations suggest489

a large shallow plumbing system (Jay et al., 2014; Delgado et al., 2016) made up of either one490

large crystal mush or several individual reservoirs under cold storage conditions (Cooper and491

Kent , 2014) into which magma is episodically stored and injected. These observations also492

suggest that the plumbing system of Cordillera Nevada and Puyehue are connected to that493

of Cordón Caulle, despite the three volcanoes having evolved independently (Singer et al.,494

2008). To what extent the magmas of the three volcanoes interact mechanically, chemically495

or thermally with each other is currently unknown.496
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The InSAR data indicates that pressure sources instead of dikes can model the data during497

the onset of the eruption. This hypothesis was explored by Wendt et al., 2017 and the498

transition between the explosive and effusive stages of the eruption is better explained with a499

dike opening model than pressure sources (Castro et al., 2013). Wendt et al., 2017 calculated500

models of a dike and a sphere for the interferogram that spans the first three days of the501

eruption (Figure 4a), but the model fit was significantly worst than a two sphere model.502

During the rest of the eruption the prolate spheroid models of Delgado et al., 2019 can fit the503

data very well with no need to invoke a dike. Although the dike intrusion is a very plausible504

idea, the extent of phase decorrelation observed during the onset of the eruption implies505

that the existing InSAR cannot unambiguously address this point. Very high resolution506

pixel tracking on TSX stripmap data have the potential to unravel the role of co-eruptive507

diking.508

Despite the good fit of the models to the InSAR data, these models are oversimplfications of509

magmatic systems. Magma reservoirs are crystal mushes (Bachmann and Bergantz , 2008)510

which are better understood in terms of poroelastic mechanisms, but at the day of now these511

models are novel (e.g., Liao et al., 2018) and have not been used to model ground deformation512

data. Further, these models have a lot of parameters that trade-off with each other and513

that are not straightforward to constrain with geodetic data. Future studies should consider514

reservoirs with more arbitrary geometries like the compound dislocation model Nikkhoo et al.,515

2016, spheroids of finite-sized dimensions (Le Mével et al., 2016; Delgado et al., 2019) and516

poroelastic models (e.g., Liao et al., 2018). Also, the similar location and shape of the517

deformation sources (Figure 7, Euillades et al., 2017) suggests that future studies may also518

attempt a model that explains jointly the pre-eruptive, co-eruptive and post-eruptive ground519

deformation data with a common source (e.g., Lu and Dzurisin, 2010).520

6.2 Eruption triggers521

Forecasting eruptions is one of the key questions in volcano science (Sparks et al., 2012) and522

the InSAR observations at Cordón Caulle make this a promising case from which we can523

draw insights that may improve forecasting of other eruptions. Any triggering mechanism for524

the 2011-2012 eruption must account for the following facts: a) the eruption was preceded by525

a transient sequence of at least three pulses of pre-eruptive uplift lasting between 6 months526

and 4 years or more. (Figure 2, Figure 3), b) deformation sources that are scattered along527

the volcanic chain (Figure 1), c) rhyolites are stored as crystal mushes under cold storage528

conditions and are thermomechanically remobilized by magma injection that enhances melt529

percolation towards the liquid-rich cap on top of the mush (Huber et al., 2010, 2011), and530

d) ground uplift of very low magnitude to none (Figure 3) and an increase in the seismicity531

between February and April 2011 (Wendt et al., 2017). Despite the variety of processes532

that can be observed and modeled in crystal mushes (Bachmann and Bergantz , 2006; Huber533
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et al., 2012; Papale et al., 2017; Morgado et al., 2019), including segregation and merging of534

melt-rich layers within a transcrustal mush (Sparks and Cashman 2017), at the day of now535

all models of ground deformation in volcanoes fall under either of two generic categories:536

magmatic or hydrothermal processes. The former includes basalt injection that pressurizes537

the plumbing system, magma mixing, thermal heating without mixing and volatile exsolution538

among others. For example, it is possible that basalt was injected below Cordón Caulle and539

did not mix with the crystal mush, only providing the heat to melt a fraction of the mush540

(e.g., Morgado et al., 2019). Nevertheless, the vast majority of the InSAR studies argue541

for injection of molten basalt that pressurizes the reservoir walls without further detail.542

Since eruptions are triggered by magma injection on time scales shorter than a decade (e.g.,543

Degruyter and Huber , 2014; Townsend and Huber , 2020), in the following I will only consider544

the reservoir pressurization and rupture produced by magma injection.545

A general rupture criteria (Tait et al., 1989; Pinel and Jaupart , 2003; Albino et al., 2010)546

shows that a dike can propagate from the chamber to the Earth’s surface once the deviatoric547

component of the minimum compressive stress in the reservoir walls is greater or equal than548

the tensile strength of the rock. This means that the magma overpressure is twice the tensile549

strength of the rock for a spherical reservoir in an infinite medium (Tait et al., 1989; Albino550

et al., 2010). An extension of the previous criteria that considers both magma overpressure551

and buoyancy for pressurized cavities in an elastic medium is (Sigmundsson et al., 2020)552

∆ρgh+ ∆Pmagma ≥ σfailure + σexternal (3)

with the terms from left to right the buoyancy force due to a magma body of thickness h,553

and density contrast ∆ρ under gravity acceleration g, the magma overpressure ∆Pmagma,554

σfailure the failure limit and σexternal stress due to other processes (surface loading, flank555

instability, transient changes in tectonics stresses, etc). In the absence of external triggers556

( σfailure = 0), an eruption can be triggered by an increase in the magma pressure due to557

compressible or incompressible magma injection (∆Pmagma), an increase in the thickness of558

a buoyant magma body or an increase in the density of the buoyant magma body due to559

magma phase transitions in the reservoir, or all of the previous.560

The 2003 to 2011 deformation sources are at depths of 4 to 9 km, which suggests that episodic561

magma injection with a time-variable rate in a large elongated reservoir at a level of neutral562

buoyancy is potentially responsible for triggering the eruption. Under the assumption that563

the deformation is due to magma injection, the volume change of 0.013 km3 during 2003-564

2007 plus the 0.05 km3 during 2007 and early 2011 results in the intrusion ∼0.063 km3
565

of incompressible magma. This volume is one order of magnitude lower than the volume566

of erupted magma and the co-eruptive source volume change, even accounting for magma567

compressibility. The 2003-2007 source volume change is much smaller than the source volume568
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changes during 2007-2011 (Jay et al., 2014) therefore their role on potentially triggering the569

eruption are very minor. The previous argument suggests that if the eruption was triggered570

by magma injection until the reservoir walls ruptured when the hoop stress reached the tensile571

strength of the rock, a significant amount of magma must have been intruded before 2003572

(Jay et al., 2014). Unfortunately the volume of this potential magma is unconstrained due573

to the lack of geodetic data before 1996. Therefore, other mechanism like volatile exsolution574

(Tait et al., 1989) since the previous eruption in 1960 eruption cannot be ruled out. It is575

also possible that reservoir was brought closer to failure due to magma buoyancy without576

significant reservoir pressurization that can be detected geodetically (e..g, Sigmundsson et al.,577

2020). An alternative mechanism is that magma injection in different parts of the plumbing578

system of the volcano increased the failure pressure by lateral stress transfer (Albino and579

Sigmundsson, 2014). In this mechanism magma injection in a specific section of the plumbing580

system can increase the failure pressure in other regions below the volcano, without the need581

for mass injection in the reservoir from which magma will eventually erupt. This mechanism582

is conceptually equivalent to earthquake triggering by an increase in the static Coulomb583

stress. The normal stress σrr in a spherical source embedded in a full space is given by584

σrr = −∆V G

2πr3
(4)

with ∆V the source volume change, G the shear modulus and r the distance (equations 7.7585

and 7.13 in Segall , 2010). The negative sign indicates compression, so a positive volume586

change produces compression. A volume change of 0.03 km3 in the 2008-2011 source with587

G=20-2.1 GPa (Delgado et al., 2019; Heap et al., 2020) can increase the radial stress to 0.06588

- 2 MPa over distances of 5-7 km, similar to the distance between the 2007-2008 and the589

early June 2011 deformation sources (Figure 8). If either of these reservoirs were in a critical590

state, these stresses due to magma injection can influence the reservoirs and potentially bring591

them closer to failure (e.g., Albino and Sigmundsson, 2014; Biggs et al., 2016).592

In summary the InSAR observations allow for multiple mechanisms to explain the eruption593

triggering. It is also likely that several of these triggering mechanism were coeval and that594

InSAR just recorded a very low resolution image of these processes (e.g., Bachmann and595

Huber , 2016; Lowenstern et al., 2017). Further, the time span covered by the pre-eruptive596

InSAR observations of ground uplift is only 8 years and it is so short with respect to the597

previous eruption in 1960 and the time scales of magmatic processes so it is very difficult to598

disentangle the relevant contribution of these individual processes. Thereby, the complete599

lack of ground instrumental data before 2010 when seismic monitoring started and the total600

lack of other observations before 1996 do not allow to unambiguously unravel the triggering601

mechanism. Due to the large deformation in the past two decades, pixel tracking from602

either historical satellite or airborne imagery could provide insights on these processes (e.g.,603

Derrien et al., 2015).604
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6.3 Eruption temporal evolution605

Despite the complexity of the eruption with two pulses of lava effusion (Coppola et al., 2017),606

the intrusion of a shallow laccolith (Figure 4), and three sources of ground deformation607

(Figure 7), both the erupted volume and pressure change time series derived from InSAR608

can be explained reasonably well with a simple model. The model is made of a finite-sized609

spheroid that deflates in response to lava effusion through a conduit, with both the effusion610

and the deflation following exponential trends (Equation 1-Equation 2). It is true that611

deviations from exponential trends (e.g., Kubanek et al., 2017) require more complex models612

including magma permeability (e.g., Wong and Segall , 2019) or a widening dike/conduit613

(e.g, Castruccio et al., 2017), but the simple trends observed in the data during the effusive614

phase do not require such level of complexity. The key finding of the physicochemical models615

is that the magma compressibility during the effusive phase is significantly lower compared616

with the compressibility inferred for the magma erupted during the explosive phase. This is617

a consequence of a partially degassed rhyolite with respect to the predicted dissolved H2O618

and CO2 for a storage depth of ∼5 km (Delgado et al., 2019). On the other hand, a relevant619

question is why did the deflating sources shift from Cordillera Nevada caldera and Puyehue620

volcano to the Cordon Caulle graben during the first month of the eruption? (Figure 4a-b).621

Since magma flow is proportional to the pressure gradient, the first two reservoirs had less622

magma capable of flowing than the third one or their hydraulic conductivity decreased very623

rapidly compared with that of the source below Cordon Caulle. This is a topic that requires624

further studies.625

6.4 Mechanisms of unrest during pre and post-eruptive uplift626

The similarities in the ground deformation during the transient uplift in 2003-2007, 2007-627

2008 and 2012-2019 and their chronology with respect to the eruption suggest that the same628

processes are responsible for observed signals, which for simplicity I related to magma in-629

jection. Since the 2012-2015 uplift started immediately after the end of the eruption, this630

episode of unrest can be easily explained as a pulse of magma injection. This episode was631

triggered by the 20-50 MPa co-eruptive pressure drop (Delgado et al., 2019), allowing magma632

to flow from a deep mantle source to the shallow sill source (e.g., Lengline et al., 2008; Del-633

gado et al., 2016). The prediction of this mechanism is a decreasing exponential trend in the634

ground deformation data which was observed during 2012-2015 (Figure 5, Delgado et al.,635

2016; Euillades et al., 2017). The similarity in the deformation pattern between the 2012-636

2015, 2016-2017 and 2017-2019 pulses of uplift suggest that the three are produced by magma637

injection in the same reservoir, although the time series does not show evidences of expo-638

nential signals (Figure 4). On the other hand, viscoelastic relaxation produced by transient639

pressurization followed by stress relaxation in a viscous shell surrounding the reservoir was640

found to be not important during 2012 and 2015 (Delgado et al., 2016). This does not rule641
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out that more complex viscoelastic rheologies (e.g., Head et al., 2019) or a more realistic642

pressure functions can explain the data equally well than the magma injection model. Also,643

this does not rule out that viscoelastic relaxation is important over longer time scales (10-100644

years).645

It is also striking that some of these episodes of uplift can be very short, ranging from ∼6646

months to several years. However, their episodic nature for both the onset and end of uplift647

is not predicted by the models of pressure-driven magma injection because they assume648

that injection is a prescribed boundary condition. The only option is to incorporate some649

aspect of the internal dynamics of magma reservoirs into these models (Walwer et al., 2019).650

Delgado et al., 2016 cited inelastic effects such as conduit clogging to explain the abrupt end651

of the deformation in 2015, as it occurred before the exponential trend in the data reached652

a value close to its asymptote (Figure 5). The factors controlling the transient deformation653

before the eruption are also relevant. However, the poor temporal resolution of the 2003-654

2011 data does not allow to resolve the actual onset and end of the episodes of uplift within655

several months or even years (Figure 3).656

Rhyolitic genesis at Cordón Caulle suggests fractional crystallization from basaltic melts657

(Gerlach et al., 1988; Singer et al., 2008), raising the questions to whether the InSAR data658

are sensitive to the composition of the magma injected in the storage level of neutral buoyancy659

or not. Delgado et al. 2018 used the Poiseuille flow law (Jaupart , 2000) to infer the magma660

composition and concluded that the problem is ill-conditioned because the magma viscosity –661

a proxy for composition, depends on the fourth power of the conduit radius. This parameter662

is poorly constrained and this uncertainty results in a wide range of magma viscosities663

spanning many orders of magnitude. Studies on basaltic systems estimate conduit radii of 1-664

5 m (Fukushima et al., 2010; Pedersen and Sigmundsson, 2006) and these values indicate that665

the injected magma at Cordón Caulle must be basaltic. Therefore, at the moment InSAR666

cannot provide robust constrains on the magma composition during transient episodes of667

uplift.668

I infer that successive intrusions in the remarkably stable level of neutral buoyancy at ∼6669

km depth result in the coalescence of these magma bodies on time scales of 10-100 kyr,670

while the individual magma injections during 2003-2019 should not be able to coalesce on671

these short scales of less than 10 years (Biggs and Annen, 2019). Therefore, these multiple672

injections rejuvenate the system thermally but do not interact chemically with each other673

(e.g., Morgado et al., 2019). Instead, these individual and small pockets of melt might674

remain molten and isolated as high melt fraction magma surrounded by the much bigger675

crystal mush (e.g., Gansecki et al., 2019). Finally, is it possible that the InSAR data shows676

evidence of a mush reorganization process that occurs at depths between 4 and 8 km due677

to volatile exsolution? Here layers of melt can segregate and migrate over multiple levels in678

the upper crust (Cashman et al., 2017; Sparks and Cashman, 2017; Sparks et al., 2019). I679
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consider this a plausible situation for the storage depths of 4-9 km and deserves its detailed680

analysis. Geophysical imaging like seismic tomography should be able to provide insights681

between these scenarios.682

Despite the 1 m of post-eruptive uplift between March 2012 until April 2019, the likely683

injection of magma has not resulted in an eruption. The injection of 0.146 km3 (Delgado684

et al., 2018) of magma, most likely basalt, is significantly smaller than the co-eruptive volume685

change of ∼0.6 km3 (Jay et al., 2014; Delgado et al., 2019) and about twice the volume change686

of the pre-eruptive sources during 2003-2011. I use the rupture criteria of Browning et al.,687

2015 to estimate the maximum rupture pressure pe for an individual episode of magma688

injection (Equation 5 - Equation 6).689

pe =
∆Vm
Vmβ

(5)

Vm =
Ve
T0β

(6)

Here Vm is the volume of the reservoir, Ve is the erupted volume, T0 is the tensile strength690

of the rock, β is the combined reservoir and magma compressibility, pe is the reservoir691

overpressure and ∆Vm is the volume of the injected magma. Assuming an erupted volume692

Ve = 2.2 km3 that includes the tephra (1 km3), the lava flow and the shallow laccolith (1.2693

km3 DRE, Delgado et al., 2019) and an intruded volume ∆Vm = 0.145 km3 during March694

2012 and February 2017 and a tensile strength of the rock T0 = 20 MPa, then the maximum695

pressurization in the reservoir is pe = 1.3 MPa. Therefore, I hypothesize that it will take696

several decades to reach the same failure threshold inferred before the 2011 eruption and with697

pulses of episodic injection similar to those observed during 2012-2019. This assumption only698

holds if the mechanical conditions on the reservoir are time-invariant which is rarely the case699

(e.g., Carrier et al., 2015).700

6.5 Structural control of an active magma intrusion701

Cordón Caulle is considered a landmark case of a volcano in the SVZ where the local struc-702

tural setting plays a role controlling magma and eruption dynamics (Lara et al., 2004,703

2006a,b; Cembrano and Lara, 2009; Wendt et al., 2017). By tectonic control I refer to704

the structural heritage and not to the current neotectonic characteristics of the SVZ. The705

volcanic chain is emplaced on top of a NW-SE regional basement structure that is misori-706

ented with respect to the current kinematic regime of the SVZ and could be resheared to707

favor magma emplacement by static stress changes triggered by a megathrust earthquake708

(e.g., Lara et al., 2006b; Cembrano and Lara, 2009). All the vents of the 1921-1922, 1960709
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and 2011-2012 eruptions are located on both the footwall and hanging wall of the inferred710

normal faults that bound the Cordón Caulle graben, but I have not observed in the InSAR711

data conclusive evidence for triggered fault slip on any of these structures. Delgado et al.,712

2016, 2018, 2019 suggested that as co- and post-eruptive deformation sources are elongated713

in the direction of the local volcanic chain they are tectonically controlled as proposed for the714

long-term evolution of the volcano (Figure 4-Figure 5). Indeed, all the deformation sources715

except for the 2008-2011 pulse are elongated in the direction of the volcanic chain (Figure 7).716

It is possible that the local structure that produces the NW-SE alignment of Cordón Caulle717

is a source trap that enhances magma storage at the level of neutral buoyancy of ∼4-9 km,718

resulting in deformation signals aligned in this direction and rotating the local stress tensor719

(e.g., Lara et al., 2006b). Wendt et al., 2017 explored the idea that the deformation during720

the first three days of the eruption was produced by a tectonically controlled dike (Castro721

et al., 2016), but none of their dike models provide a significant better fit than two deflat-722

ing spherical sources. Therefore the role of the local tectonics driving the emplacement of723

magma into the upper crust and their interaction with local faults (e.g., Lundgren et al.,724

2017; MacQueen et al., 2020) is yet to be explored more thoroughly. The absence of triggered725

fault slip is similar to Laguna del Maule (LdM) where none of the InSAR studies have found726

any conclusive evidence for triggered fault slip despite the ∼ 2.1 m of uplift between 2007727

and 2016 (Feigl et al., 2014; Novoa et al., 2019; Zhan et al., 2019). Very long InSAR time728

series (≥ 10 years) might resolve such small fault slip signals in the future.729

6.6 Lava flow rheology730

The key finding of the InSAR dDEMs is that rhyolitic lava flows are counter-intuitively very731

mobile, in agreement with other observations (Tuffen et al., 2013; Magnall et al., 2017). The732

extreme thickness of the lava flow could not be properly inferred from field observations733

(Bertin et al., 2015), which recorded a thickness 4 times smaller compared to that of the734

dDEM data (Castro et al. 2016; Delgado et al. 2019). This shows that the planimetric735

approach that assumes a constant thickness to calculate the lava flow volume does not736

provide reliable results (e.g., Pedersen et al., 2018). The TADR during most of the eruption737

varied between 10 and 150 m3/s (Castro et al., 2016; Delgado et al., 2019) and is much larger738

than the TADR of much smaller basaltic and dacitic eruptions, which tend to average 0.5739

- 10 m3/s (Poland , 2014). The high TADR from the extrusion of a very large volume of740

lava is similar to that of other large basaltic eruptions studied with InSAR-derived dDEMs,741

including the 2018 Kilauea eruption with ∼70 DRE m3/s (Lundgren et al., 2019) and the742

2012-2013 Tolbachik eruption with ∼ 100-400 m3/s (Kubanek et al., 2017). This implies743

that the rhyolite viscosity during the effusive phase was as low as it can be according to744

theoretical models (Castro et al., 2013) or the conduit radius was very wide. On the other745

hand, the lava flow subsidence rate of ∼1.2-1.4 m/yr is quite fast compared with other746
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subsiding lava fields (Ebmeier et al., 2012; Carrara et al., 2019) and four years after the end747

of the eruption the lava flow displayed a complex pattern of subsidence and motion in the748

range direction (Figure 6). Future studies should consider the rhyolite rheology (Fink , 1980)749

to better explain these observations as well as other data (Tuffen et al., 2013; Farquharson750

et al., 2015; Magnall et al., 2017).751

6.7 Coupling between the magmatic and hydrothermal system752

Cordón Caulle hosts the largest hydrothermal system of the SVZ (Sepulveda et al. 2004,753

2007), with five fumarolic fields (Figure 1) which are likely to be coupled to the magmatic754

system of the volcano. The role of the hydrothermal system to produce ground deforma-755

tion has been considered to be negligible with respect to the magmatic system because the756

InSAR-derived sources of deformation are much deeper than those inferred for the hydrother-757

mal system (Jay et al. 2014). The only exception is the uplift recorded near the Trahuilco758

geyser inside Cordillera Nevada (Figure 1). This area deformed right after the 2010 Maule759

earthquake (Figure 3d) and the source model is 2-3 times shallower than the rest of the760

deformation sources, ruling out a magmatic origin. The spatial coincidence between defor-761

mation, the dynamic triggering by the earthquake and an hydrothermal system suggest that762

the passage of seismic waves produced transient changes in permeability that can induce763

groundwater flow resulting in ground deformation (e.g., Manga et al. 2012; Pritchard et al.764

2013).765

The large amount of hydrothermal vents in the volcano suggests that the previous argument766

to neglect the role of the hydrothermal system on modulating the episodes of unrest is too767

simplistic. For example, Chang et al., 2007 have shown that magma injection in sills can768

induce the flow of magmatic brines between multiple sources of deformation below Yellow-769

stone caldera. Also, pressurization in hydrothermal systems can produce ground deformation770

signals that resemble those of magmatic origin (e.g., Hurwitz et al., 2007). Pritchard et al.,771

2019 have shown that time-lapse gas monitoring and microgravity measurements can reduce772

the ambiguity on the driving mechanisms of ground deformation but unfortunately neither773

have ever been attempted at Cordón Caulle. Further, at the time of writing no detailed anal-774

ysis have been carried out on the volcano hydrothermal vents after the 2011-2012 eruption.775

Future studies should consider to what extent the hydrothermal and the magmatic system776

are coupled.777
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6.8 Comparison with other systems778

6.8.1 Eruption triggering779

The triggering mechanism of the 2011-2012 eruption is a matter of debate as described ear-780

lier. Similar situations were observed at Eyjafjallajökull, Gŕımsvotn and Okmok volcanoes781

that have repeatedly displayed ground deformation before several eruptions despite the dif-782

ferences in magma composition and tectonic setting between the SVZ, the North Atlantic rift783

and Aleutians subduction zone. At Eyjafjallajökull, InSAR detected transient pulses of uplift784

interpreted as magma intrusion that occurred more than 10 years and a few months before its785

2010 eruption (Pedersen and Sigmundsson, 2006; Hooper , 2008; Sigmundsson et al., 2010),786

with a potential eruption triggering due to lateral stress change (Albino and Sigmundsson,787

2014). At Gŕımsvotn, GPS data have recorded two cycles of pre-eruptive uplift with expo-788

nential trends indicative of magma injection leading to two eruptions (Reverso et al., 2014;789

Bato et al., 2018; Sigmundsson et al., 2018). At Okmok, InSAR has also recorded cycles790

of co-eruptive subsidence and pre and post-eruptive uplift that follow exponential trends791

indicative of magma injection and extrusion (Lu et al., 2010; Lu and Dzurisin, 2010, 2014;792

Biggs et al., 2010). These examples suggest that to some extent the geodetic signals that793

can be observed on yearly to decadal time scales during cycles of magmatic unrest and erup-794

tion are independent of the tectonic setting and of the chemical composition of the erupted795

magma.796

6.8.2 Eruption dynamics797

The InSAR observations of co-eruptive deformation are difficult to compare with other sim-798

ilar events due to the lack of other rhyolitic eruptions with instrumental observations. The799

2008-2009 dome-forming eruption of Chaiteén volcano is the only one of these events and800

was triggered by a dike intrusion (Fournier et al., 2010; Wicks et al., 2011), resulting in a801

very asymmetric different deformation signal compared to that of Cordón Caulle. In terms802

of its temporal evolution, ground deformation was negligible during more than half of the803

eruption (Pina-Gauthier et al., 2013; Reath et al., 2019) and the dome extrusion followed an804

exponential trend for the first three months while during the rest of the eruption there is805

no constraining data (Pallister et al., 2013). Therefore it is not clear how representative are806

the deformation signals of the 2011-2012 eruption of other rhyolitic eruptions. In terms of807

the co-eruptive ground deformation and extruded volume, similar exponential signals were808

recorded at Mt St. Helens (Anderson and Segall , 2013) and Sinabung (Hotta et al., 2017;809

Nakada et al., 2017) volcanoes for both types of data.810
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6.8.3 Transient uplift811

In general deformation rates larger than 20 cm/yr are rare in subduction zone volcanoes (e.g.,812

Fournier et al., 2010; Henderson and Pritchard , 2013) and Cordón Caulle has had these rates813

at least three times. The only equivalent system is Laguna del Maule (Feigl et al., 2014; Le814

Mével et al., 2015) with a maximum of 28 cm/yr, which is still ∼50% less than the maximum815

of 45 cm/yr recorded in 2012. Other rhyolitic volcanoes like Yellowstone (Chang et al., 2007;816

Dzurisin et al., 2012; Tizzani et al., 2015) and Long Valley (Montgomery-Brown et al., 2015)817

have much lower satellite-detected deformation rates of 1-10 cm/yr. Compared with other818

rhyolitic systems, transient changes in the ground deformation that occur on time scales of819

∼0.5-1 years are much faster at Cordón Caulle than at the aforementioned, so fast that they820

are akin to those observed at basaltic calderas (e.g., Poland et al., 2012). Changes in the821

uplift rate at Yellowstone (Dzurisin et al., 2012) and Laguna del Maule (Le Mével et al., 2015)822

have been related to seismic swarms, but they have never been observed at Cordón Caulle823

(Delgado et al., 2018). Therefore, Cordón Caulle can be considered a quite anomalously fast824

deforming volcano for both the uplift velocity and the transition from quiescence to unrest825

and back to quiescence.826

6.9 An integrated view from InSAR, petrology and field observa-827

tions828

Figure 9 summarizes my geological interpretation on the plumbing system of Cordón Caulle829

for the time period between March 2003 and May 2020. The volcano is underlain by a830

laterally extensive plumbing system that extends from Cordillera Nevada caldera to Puyehue831

volcano, which is a crystal mush with melt-rich pockets that segregate to the liquid-rich832

cap on top of the mush through compaction and other mechanisms (e.g., Bachmann and833

Bergantz , 2006). In the absence of data other than InSAR, I suggest that ground uplift834

results from basalt injection into the crystal mush, potentially triggering melt extraction,835

although the exact details cannot be inferred with the existing data. Magma injections likely836

occurred during 2003-2007, 2007-2008, 2008-2011 and scattered across the volcanic chain.837

During the onset of the eruption, two reservoirs located below Cordillera Nevada caldera838

and Puyehue volcano deflated during the first three eruption days. During the rest of the839

eruption, a single reservoir deflated, and coeval with lava effusion and a shallow laccolith840

intrusion. These three reservoirs drained distinct areas of the plumbing system of the volcano.841

Afterwards, three pulses of likely magma injection were intruded in the same area from842

where magma was intruded before the eruption and drained during the effusive phase of843

the eruption. In general, all the deformation sources lie at depths between 4 and 9 km,844

with no InSAR nor petrological evidence for deeper sources (Castro et al., 2013; Jay et al.,845

2014). Hence, unrest does not occur at multiple levels throughout the crust and I consider846
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this volcano to be a translateral instead of a transcrustal magmatic system (Cashman et al.,847

2017; Sparks et al., 2019), with likely stress interactions between the sources. By translateral848

I imply that unrest occurs in multiply places along the laterally extensive shallow plumbing849

system.850

7 InSAR technological challenges851

Although the InSAR data availability at Cordón Caulle has increased exponentially in the852

past decade, significant technical challenges remain in this area for a wider use of InSAR.853

These challenges are the limited and non-ideal data coverage and systematic coherence loss.854

7.1 Data availability855

During most of 2003-2012, descending SAR images that would result in coherent interfero-856

grams were seldom available and only since May 2013 CSK brought ascending and descending857

acquisitions to the same temporal resolution. Data from the current TSX, CSK, RS2, S1858

and ALOS-2 missions have been acquired with different degrees of temporal resolution at the859

volcano. TSX data were only systematically acquired during the onset of the eruption, but860

not during the end and during the post-eruptive uplift. CSK data are the most consistently861

acquired data to date in the volcano, with a time series that spans between March 2012 and862

August 2020. RS2 data have been acquired with four different stripmap beams during the863

eruption and the sequence of post-eruptive uplift. This has allowed to compare the quality864

of these modes and beams (Pritchard et al., 2018), but at the same time has hampered the865

systematic acquisition of a long time series. S1 data were acquired every 24 days between Oc-866

tober 2014 until February 2017 when the mission started to acquire data every 12 days in the867

descending track. However ascending acquisitions were then stopped until November 2018868

when they were restarted every 6 days after a special request to the European Space Agency.869

Afterwards they were reduced to every 12 days in June 2019. ALOS-2 acquired ScanSAR870

data every 42 days since burst synchronization was achieved in February 2015. However,871

the temporal sampling was decreased to ∼4 SLCs/year in September 2017 for crustal defor-872

mation applications in accord with the mission basic observation scenario. This resulted in873

only 3 non-winter ScanSAR SLCs during December 2017 and February 2020 per track, with874

no predicted acquisitions in this mode during 2020. Further, ALOS-2 stripmap data have875

never been acquired with a better temporal sampling than 2 SLCs per year per track. With876

such a poor temporal sampling it is currently not possible to track time-dependent processes877

at Cordón Caulle with L-band data. On the other hand, if another eruption were about to878

occur, it would not be possible to calculate a co-eruptive time series of dDEM because TDX879

is no longer acquiring bistatic data in this region. The alternative to construct dDEMs is880
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to use stereo optical data like Pléiades, SPOT and WorldView, but they do not have the881

required temporal resolution to construct these time series (less than 6 months) and they882

are also limited by the clouds (Delgado et al., 2019).883

7.2 Coherence884

The biggest drawback for a better use of InSAR at Cordoón Caulle is the coherence loss885

due to its alpine conditions and thick temperate rain forest that surrounds the volcano. In886

my experience, the coherence loss is very fast compared with vegetated volcanoes in similar887

environments elsewhere like Yellowstone. Depending on the year, the snow hampers the888

use of InSAR between 5 and 7 months, usually from mid-late May to mid-late November.889

Therefore, it has not been possible to measure ground deformation in the winter on top of890

the volcano, even with 1-day CSK interferograms (Delgado et al., 2018), although ALOS-2891

ScanSAR data were promising in this aspect (Euillades et al., 2017). Further, small baseline892

interferograms can have very low coherence even in the summer. In general, the coherence893

loss precludes the data processing in a rigorous small baseline fashion, i.e., to use all the894

interferograms that share an image as reference that have a temporal baseline shorter than a895

given threshold, usually shorter than two months (Figure 10). Thereby advanced time series896

algorithms that rely on an interferometric network with good connectivity (e.g., Yunjun897

et al., 2019) cannot be used at Cordón Caulle. The environmental conditions of the volcano898

and the fast deformation rates make L-band data the ideal platform to measure ground899

deformation. However, as described earlier the temporal resolution of ALOS-2 has always900

been far from ideal and it is unlikely that L-band data availability will improve until the901

launch of the NASA NISAR mission in 2022.902

In terms of legacy data, by far the most useful ENVISAT data are from its extension mission903

during 2011-2012 – the only time when the mission acquired data during every overflight.904

This data were acquired by the IM6 beam, not the standard IM2 of the satellite nominal905

mission. The main differences between the IM6 extension mission data compared with that906

of IM2 nominal mission are a repeat period of 30 vs 35 days, HH instead of VV polarization,907

a look angle of 45◦ instead of 23◦ and a good orbital control for small baseline interfero-908

grams despite the orbit drift. All of these conditions resulted in acquisitions of much better909

quality during the extension mission than in the nominal mission (e.g., Delgado et al., 2017;910

Pritchard et al., 2018, Figure 4). The ENVISAT IM2 acquisitions were always limited by911

the poor orbital control at the beginning of the mission, lack of data after 2006 and the912

potential drawback of the VV polarization (Pritchard et al., 2018) resulting in very few use-913

ful interferograms (Figure 3a-b). On the other hand, the ALOS-1 acquisition program was914

always far from ideal, with a temporal resolution of ∼2-3 images per track in the austral915

late spring, summer and early fall. Had ALOS-1 lasted for two additional months before916

its failure in April 2011, just two months before the eruption, the quality of the L-band917
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co-eruptive interferograms would be excellent and coherent observations would be available918

near the eruptive vent.919

X-band processing at Cordón Caulle is challenging and tedious due to the rapid coherence920

loss and large volumes of data. Therefore it is not possible to sustain the coherence in the921

vegetated flanks of the volcano in early fall to late summer CSK interferograms which are922

required to ensure the connectivity of the InSAR network (e.g., DeGrandpre et al., 2019).923

In the absence of GPS data, the only solution I have envisioned to remove ramps and to924

reference the CSK interferograms to a non-deforming area is to calculate a preliminary925

source model inverted from good quality ascending and descending interferograms, fix the926

geometry of this model, invert every CSK interferogram for its source strength and a ramp927

and then subtract the latter to the data (Delgado et al., 2016). The situation can be even928

more problematic due to the orbit drift of the mission, resulting in a 2 km difference in the929

perpendicular baseline between SLCs acquired in early 2012 and those from 2019. Further,930

images that are acquired a few days apart from each other can have perpendicular baselines931

well beyond the critical baseline. The real value of CSK in this volcano is that a descending932

track is the only data set that has recorded in its entirety the sequence of ∼1 m of uplift933

(Figure 5a-d). On the other hand TSX data were only acquired in a systematic way during934

the onset of the eruption in 2011. The coherence of these austral winter interferograms is935

extremely low, but they still recorded deformation. The lack of other TSX data hampers a936

direct comparison with the coherence of the CSK data.937

The quality of the S1 data at Cordón Caulle has been less than ideal, in part due to data gaps938

and low coherence even in the austral summer despite the 12 day repeat period. It is also not939

straightforward to select summer to summer interferograms to connect the non-winter small940

baseline sets of interferograms (Figure 10). Pritchard et al., 2018 found that the coherence941

of S1 is lower than the coherence of RS2 Wide Ultra Fine (WUF) interferograms because the942

resolution of the latter is one order of magnitude better than the resolution of the S1 TOPS943

mode and the RS2 HH instead of the S1 VV polarization. Despite the unrivalled benefits944

that S1 has provided to the volcano and active tectonics InSAR communities (e.g., Funning945

and Garcia, 2019), due to the aforementioned issues I do not consider that S1 data have946

significantly contributed to a better understanding of magma dynamic at Cordón Caulle.947

However this situation might change with the lack of ALOS-2 data, potential lack of access948

to RS2 data and the huge baseline drift of CSK, making S1 the most reliable source of InSAR949

data in the area in the future. If an eruption were to occur in the winter, it is likely that950

near-field measurement will only be possible with the GPS stations located on top of the951

volcano (Figure 5).952

Considering the time scales of most of the magmatic processes at Cordón Caulle and the953

coherence and temporal resolution of each data, currently the best suited data to study954

ground deformation at this volcano are the RS2 WUF beams. However, in my experience955
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InSAR users should rely on the whole civilian constellation of SAR data, because each of956

these aforementioned platforms have several advantages and drawbacks and using all of them957

can improve the temporal sampling of individual platforms.958

8 Conclusions959

In this golden era of InSAR it is impressive how much the technology and the resulting960

amounts of data have evolved since the ENVISAT mission in the early 2000’s leading to961

outstanding discoveries like the aforementioned sequence of unrest between 2003 and 2020.962

Many aspects remain to be elucidated from the Cordón Caulle dynamics and here is where I963

envision that the wealth of InSAR data that will be provided by the next generation InSAR964

missions (NISAR, Sentinel-1C/D, TanDEM-L, RADARSAT constellation, CSK Second Gen-965

eration, SAOCOM-1A) will improve our understanding of volcano dynamics like ENVISAT966

and COSMO-SkyMED did at the beginning of the previous decades. I envision that many of967

the issues with the lack of data and coherence loss could be solved with a better collaboration968

between the multiple space agencies, resulting in acquisitions with higher temporal resolu-969

tion and the best data characteristics (e.g., polarization) for the environmental conditions970

of the volcano.971

In general InSAR has been an excellent tool to detect episodic pulses of ground deformation972

that I have related to magma injection given the lack of other constraining data and there973

is little doubt that the detection capability will improve with the future missions. Since974

Cordón Caulle has been a restless volcano for most of the whole 2003-2020 period, it is very975

likely than in the near future it will deform again providing new and exciting discoveries.976

Despite the InSAR technological advances, the geological interpretation of geodetic signals977

has not evolved as nearly as fast. In my opinion the most significant scientific question from978

a volcano geodesy perspective that must be addressed at Cordón Caulle is what magmatic979

and hydrothermal processes produce ground deformation signals? Geophysical data in gen-980

eral do not have resolution to resolve for the detailed structures of interest in plumbing981

systems. Therefore, I envision that more realistic models of ground deformation are required982

to assess whether InSAR data can be explained by models of magma injection or some other983

mechanism of unrest including volatile exsolution and melt reorganization inside of a crystal984

mush.985
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Figure 1: Cordón Caulle location map draped over the 12 m TanDEM-X shaded topography.
The yellow, orange and red triangles are the 1921-1922, 1960 and 2011-2012 eruptive vents.
The black dashed outline is the 2011-2012 lava flow and the black lines are faults (Jay
et al., 2014). Green squares are hot springs and fumaroles and the light green square is the
Trahuilco geyser (Sepulveda et al., 2004). All the eruptive vents are located in the NW-SE
direction faults that bound the Cordón Caulle graben. The inset shows the location within
South America, where the black and red triangles are Holocene volcanoes and Cordón Caulle.
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Figure 2: Compilation of line-of-sight (LOS) ground displacement from InSAR time series
between 2003 and 2020 for selected pixels, including the 2011-2012 eruption (vertical dashed
lines). The figure combines data from different orbits and viewing geometries because there
is no single data that spans the whole sequence of unrest. The different data sets have
been shifted by a constant so they lie approximately on top of each other for a better
visual comparison. This also give the time series a qualitative continuity. Data location in
Figure 3a-b and Figure S1 for ENVISAT IM2 (Image Mode 2) 2003-2007, Figure 3c,d for
ALOS-1 2007-2011, Figure 3e for ENVISAT IM6 (Image Mode 6) pre-eruptive, Figure 4a,b
for ENVISAT IM6 CNc (Cordillera Nevada caldera), Pv (Puyehue volcano) and CCg (Cordón
Caulle graben) sources, Figure 6a,g,h for COSMO-SkyMED, Sentinel-1 and RADARSAT-2.
Asc/dsc refers to ascending and descending data respectively. p10, p239, p075 and p119 refers
to ENVISAT IM2 paths 10, 239 075 and ALOS-1 path 119. ENVISAT IM6 pre-eruptive
time series by Reath et al., 2019. COSMO-SkyMED, RADARSAT-2 and Sentinel-1 time
series updated from Delgado et al., 2018. Right axis and inset show dense rock equivalent
(DRE) lava flow extruded and laccolith intruded volume from TanDEM-X differential DEMs
(Delgado et al., 2019). ENVISAT IM6 time series for CNc and Pv sources were calculated
adding the maximum displacement produced by each one as recorded in Figure 4a. ENVISAT
IM6 time series for CCg source was calculated for the point of maximum LOS predicted by
the best-fit prolate spheroid model because there is no coherence on top of the volcano during
more than half of the eruption (Delgado et al., 2019).
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Figure 3: Summary of InSAR observations of pre-eruptive LOS uplift between 2003 and 2011.
a-f). All panels show LOS ground deformation with the respective deformation sources and
the 2011-2012 eruptive vent (red triangle). a-b) show interferograms converted to mean
ground velocity while c-f) show the cumulative ground deformation. In each panel the black
and grey arrows show the satellite heading and horizontal component of the LOS vector. The
number next to the arrows is the look angle. a-b) First pulse of uplift during 2003-2007 with
a rate of ∼3-4 cm/yr. The black square is the contour of the best-fit sill model. c) Second
pulse of uplift during 2007-2008 with a total displacement of ∼30 cm. The crosses show the
best-fit Mogi sources. d, f) Third pulse of uplift during 2008-2011 with a total displacement
of ∼15 cm. The dashed line is the area near the Trahuilco geyser in February - March 2010
that uplifted likely triggered by the 2010 Maule earthquake. The cross shows the best-fit
pressurized Mogi source. e) Potential fourth pulse of uplift during early 2011 with a total
displacement of ∼5 cm. f) Descending ALOS-1 interfeorgrams that shows the end of the
second pulse of uplift and the third pulse of uplift. g). Time series of ground deformation
calculated for the pixels of the same color and symbol in the upper panel and Figure 2. The
time series were shifted by an arbitrary constant as in Figure 2. Rate map for ALOS-1 p118
asc is not shown in the figure. ENVISAT IM6 time series for early 2011 by Reath et al.,
2019. The dashed lines show localized atmospheric signals that are non-stationary across
the scene, and therefore cannot be corrected with an empirical correction that correlates the
phase and the topography across the interferogram.
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Figure 4: Summary of InSAR observations of subsidence during the 2011-2012 eruption. a-d)
Ground subsidence recorded by four ENVISAT interferograms. The data span the first three
days of the eruption (a) (modified from Jay et al., 2014), day three to 4 months (b) (modified
from Jay et al., 2014), four to six months (c), six to eight months (d). Interferogram a) is
presented wrapped with one fringe equivalent to 20 cm of ground deformation to highlight
∼1.3 m and ∼0.3 m of subsidence at Cordillera Nevada caldera (CNc) and Puyehue volcano
(Pv). The best-fit Mogi sources for a) are the two black crosses circles and the best-fit
Yang source for b-d) is the white square with the black thick lines that show the spheroid
semi-major and minor axes. The circles in a) and the red circle in b-d) show the location of
the time series in Figure 2. The red triangle is the eruptive vent. The dashed blue square
shows the area of e-h). TanDEM-X differential DEMs that span from the beginning of the
eruption to August 2011 (e) and August 2011 to March 2012 (f). Azimuth (azo, g) and range
offsets (rgo,h) that record more than 10 m of post-emplacement deformation in the area of
the shallow laccolith. i) Time series of pressure drop (red circles) and intruded laccolith and
extruded lava flow volume (blue circles) during the effusive phase of the eruption with fits
for three different eruption models (modified from Figure 8 of Delgado et al., 2019). Here
exponential refers to an analytic model of reservoir depressurization and lava effusion whose
solution is an exponential function (Equation 1-Equation 2). Lava load is a numerical model
that incorporates the effects of the lava load onto the reservoir force balance (Mastin et al.,
2008). Physicochemical is a numerical model that incorporates both the lava load effect and
the H2O and CO2 exsolution in the reservoir (Anderson and Segall , 2013; Delgado et al.,
2019).
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Figure 5: Summary of InSAR observations of post-eruptive LOS ground uplift between
2012 and 2020. Mean ground velocity recorded by a-d) CSK descending 2012-2019, e) CSK
ascending 2013-2015, f) S1 ascending 2016-2017, g) S1 descending 2017-2019 and h) RS2
descending 2017-2019. Data in a,b,e) from Delgado et al., 2016 and data in c,f) modified
from Delgado et al., 2018. d,g,h) show new data. Note that c) and f) cover the same time
span, but are plot with different color scales because c) is a mean velocity and f) shows the
cumulative displacement during the 6 months of this uplift event. The black rectangle is the
best-fit tensile dislocation with uniform opening during the 2012-2017 time span (Delgado
et al., 2016). The black circles in d) are the GPS stations installed in December 2017. The
brown outline and the red triangle are the 2011-2012 lava flow and eruptive vent respectively.
i) Descending time series of ground deformation for selected pixels for CSK (grey circles in
a-d), S1 (blue diamond in g) and RS2 (red square in h). The data shows three pulses of
uplift during March 2012 - May 2015, July 2016 - February 2017 and May 2017 - May 2020.
The data sets have been shifted by an arbitrary constant so they approximately lie on top of
each other to simplify the geologic interpretation. The GPS data are the horizontal baseline
change between the two stations located on both sides of the volcano (d). The black thick
line is an exponential fit to the 2012-2015 CSK data and is indicative of magma injection.
The dashed black line is the exponential fit to the 2012-2015 CSK data extrapolated until
2020.
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Figure 6: a-d) Mean ground velocity at the lava flow during a period with no deformation of
magmatic origin. a-b) Mean ground velocity from a RADARSAT-2 Wide Ultra Fine 12 stack
during February - May 2016. a) and b) show the same data but with different color scales
to highlight deformation in the lava flow and in the laccolith respectively. The dashed black
box shows the area of the laccolith. c-d) ALOS-2 SM3 interferograms that span one year
showing mean ground velocity. e-h) TanDEM-X differential bistatic interferograms with the
reference topographic phase removed with the 12m TanDEM-X DEM from 2011-2014. Here
Bp is the perpendicular baseline. The dashed black box shows the area of the laccolith with
a DEM error which propagates into subsidence with a high rate of 3 m/yr in the RS2 stack.
The black and grey arrows show the satellite heading and LOS direction. The red triangle
is the 2011 eruptive vent. The black thick line is the lava flow contour (Bertin et al., 2015).
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Figure 7: Compilation of deformation sources derived from InSAR inversions on top of
TanDEM-X topography. The yellow, orange and red triangles are the 1921-1922, 1960 and
2011-2012 eruptive vents. The thin dashed outline is the 2011-2012 lava flow. The green
rectangle is the 2003-2007 Okada source model (Figure 3, Figure S1), the light blue crosses
are the 2007-2008 Mogi source model (Jay et al., 2014), the blue cross is the 2008-2011 Mogi
source model (Jay et al., 2014), the black crosses are the Mogi sources for the first three days
of the eruption (Jay et al., 2014), the white square, thick black line and dashed black lines
are the centroid, semi major- and semi-minor axes of the spheroid source model during the
rest of the eruption (Figure 4, Delgado et al., 2019), and the black square is the 2012-2017
Okada source model (Figure 5, Delgado et al., 2018, 2016). The black lines are faults (Jay
et al., 2014)
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Figure 8: Radial stress (Equation 4) produced by a volume change of 0.03 km3 in the defor-
mation source active during the 2008-2011 episode of uplift as a function of radial distance
and shear modulii (G=2.1 MPa from Heap et al., 2020 and G=20 MPa from Delgado et al.,
2019). Dashed lines show the range of distance between the 2008-2011 and the coerup-
tive deformation sources. The figure shows that the volume change can increase the radial
stress 0.08-2 MPa on distances similar to those between the pre and co-eruptive deformation
sources. See main text for details.
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Figure 9: Cordón Caulle geological cross section (updated from Delgado et al., 2016, 2018)
that summarizes the estimated deformation sources between 2003–2011, 2011-2012 and
2012–2019 derived from InSAR modeling and the inferred magma sources of the 1921–1922,
1960, and 2011–2012 eruptions from geobarometry (Lara et al., 2006a; Singer et al., 2008;
Castro et al., 2013; Jay et al., 2014). The red region is the hypothetical mush zone, likely
surrounded by a viscoelastic shell (orange region). The storage region could also be a col-
lection of discrete, connected reservoirs instead of a large, interconnected zone. Black points
in the red regions show crystals that might have settled at the bottom of the reservoir, thus
reducing the magma viscosity (Castro et al., 2013) and enhancing interstitial liquid extrac-
tion, a condition likely required to produce eruptible magma in a silicic magma chamber
(Bachmann and Bergantz , 2008; Cooper , 2017). The light blue regions show the inferred
magma intrusion during 2007-2008, the blue region shows the inferred magma sources during
2003-2007, 2008-2011, 2012–2015, 2016-2017 and 2018-2019, and the green region is the hy-
drothermal system beneath the volcano (Sepulveda et al., 2004; Sepulveda et al., 2007). Blue
stars show the location of the historical eruptive vents, black stars are earthquakes beneath
the volcano (Delgado et al., 2016; Wendt et al., 2017), horizontal lines with open triangles
show the graben bounding faults, and LOFZ is the Liquiñe-Ofqui regional fault zone that
crosses the volcano (Lara et al., 2006b). MASH zone refers to a hypothetical zone of magma
melting, assimilation, storage, and homogenization (Hildreth and Moorbath, 1988) that I in-
fer to be the source of magmas (see rationale in Jay et al., 2014). The sketch shows that the
source of the 1921–1922, 1960, and 2011–2012 eruptions is the same reservoir located beneath
Cordillera Nevada, Cordón Caulle, and Puyehue volcanoes and where magma intruded dur-
ing 2003-2007, 2007–2008, 2008-2011, 2012–2015, 2016-2017 and 2017-2019. InSAR data are
interpreted to show that magma flowed from the Cordillera Nevada and Puyehue volcanoes
towards the 2011-2012 eruptive event during the first three eruption days and then flowed
from the same area where magma injection occurred afterwards. Note that the shape of the
crystal mush is hypothetical because no geophysical imaging is available for the volcano.
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Figure 10: Perpendicular baseline (Bperp) plot for S1 SLCs from descending track 83. The
time series for this track is in Figure 5g. Ticks on top of the figure show the date of the
images, and clearly show the onset of 12 days acquisitions in February 2017 and several
periods with data gaps. Blue squares and circles are SLCs acquired under winter conditions
with snow on top of the volcano and purple circles are summer and early fall SLCs that
result in interferograms with coherence loss either on top or on the vegetated flanks of the
volcano. Black lines are interferograms used in the time series. The figure shows that
despite the 12 day repeat period of the mission since February 2017, a significant amount
of the small baseline interferograms are not useful due to their low coherence, even in the
austral summer. Coherence loss was a severe problem during February 2017 - May 2018 but
not as much during May 2018 - May 2019. Also, it is not straightforward to select summer
to summer interferograms to ensure the connectivity of the InSAR network.
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Feigl, K. L., H. Le Mével, S. T. Ali, L. Cordova, N. L. Andersen, C. DeMets, and B. S. Singer (2014),1183

Rapid uplift in Laguna del Maule volcanic field of the Andean Southern Volcanic zone (Chile) 2007-2012,1184

Geophysical Journal International, 196 (2), 885–901, doi:10.1093/gji/ggt438.1185

Fink, J. (1980), Surface folding and viscosity of rhyolite flows, Geology, doi:10.1130/0091-1186

7613(1980)8<250:SFAVOR>2.0.CO;2.1187

Fournier, T. J., M. E. Pritchard, and S. N. Riddick (2010), Duration, magnitude, and frequency of sub-1188

aerial volcano deformation events: New results from Latin America using InSAR and a global synthesis,1189

Geochemistry Geophysics Geosystems, 11, 29, doi:10.1029/2009gc002558.1190

Fukushima, Y., V. Cayol, P. Durand, and D. Massonnet (2010), Evolution of magma conduits during the1191

1998-2000 eruptions of Piton de la Fournaise volcano, Reunion Island, Journal of Geophysical Research-1192

Solid Earth, 115, doi:10.1029/2009jb007023.1193

Funning, G. J., and A. Garcia (2019), A systematic study of earthquake detectability using Sentinel-11194

InterferometricWide-Swath data, Geophysical Journal International, doi:10.1093/gji/ggy426.1195

44

http://dx.doi.org/10.3389/feart.2018.00231
http://dx.doi.org/10.5027/andgeoV39n3-a02
http://dx.doi.org/10.1007/978-3-540-49302-0_5
http://dx.doi.org/10.1007/978-3-540-49302-0_5
http://dx.doi.org/10.1007/978-3-540-49302-0_5
http://dx.doi.org/10.3389/feart.2018.00249
http://dx.doi.org/10.1016/j.epsl.2012.04.027
http://dx.doi.org/10.2113/gselements.13.1.29
http://dx.doi.org/10.1109/TGRS.2003.811692
http://dx.doi.org/10.1016/j.jvolgeores.2017.06.023
http://dx.doi.org/10.1016/j.jvolgeores.2015.09.004
http://dx.doi.org/10.1093/gji/ggt438
http://dx.doi.org/10.1130/0091-7613(1980)8%3C250:SFAVOR%3E2.0.CO;2
http://dx.doi.org/10.1130/0091-7613(1980)8%3C250:SFAVOR%3E2.0.CO;2
http://dx.doi.org/10.1130/0091-7613(1980)8%3C250:SFAVOR%3E2.0.CO;2
http://dx.doi.org/10.1029/2009gc002558
http://dx.doi.org/10.1029/2009jb007023
http://dx.doi.org/10.1093/gji/ggy426


 

Gansecki, C., R. L. Lee, T. Shea, S. P. Lundblad, K. Hon, and C. Parcheta (2019), The tangled tale1196

of Kilauea{\textquoteright}s 2018 eruption as told by geochemical monitoring, Science, 366 (6470),1197

doi:10.1126/science.aaz0147.1198

Gerlach, D. C., F. A. Frey, H. Moreno-Roa, and L. Lopez-Escobar (1988), Recent volcanism in the Puyehue-1199

Cordón Caulle region, southern Andes, Chile (40.5S): Petrogenesis of evolved lavas, Journal of Petrology,1200

29 (2), 333–382, doi:10.1093/petrology/29.2.333.1201

Gonnermann, H. M. (2015), Magma Fragmentation, Annual Review of Earth and Planetary Sciences, Vol1202

43, 43, 431–458, doi:10.1146/annurev-earth-060614-105206.1203

Gonnermann, H. M., and M. Manga (2012), Dynamics of magma ascent in the volcanic conduit, in Modeling1204

Volcanic Processes The Physics and Mathematics of Volcanism, edited by S. A. Fagents, T. K. P. Gregg,1205

and R. M. C. Lopes, pp. 55–84, Cambridge University Press.1206

Grandin, R. (2015), Interferometric Processing of SLC Sentinel-1 TOPS Data, in Proceedings of the ESA1207

Fringe Workshop.1208

Head, M., J. Hickey, J. Gottsmann, and N. Fournier (2019), The Influence of Viscoelastic Crustal Rheologies1209

on Volcanic Ground Deformation: Insights From Models of Pressure and Volume Change, Journal of1210

Geophysical Research: Solid Earth, doi:10.1029/2019JB017832.1211

Heap, M. J., M. Villeneuve, F. Albino, J. I. Farquharson, E. Brothelande, F. Amelung, J. L. Got, and P. Baud1212

(2020), Towards more realistic values of elastic moduli for volcano modelling, Journal of Volcanology and1213

Geothermal Research, doi:10.1016/j.jvolgeores.2019.106684.1214

Henderson, S. T., and M. E. Pritchard (2013), Decadal volcanic deformation in the Central Andes Vol-1215

canic Zone revealed by InSAR time series, Geochemistry Geophysics Geosystems, 14 (5), 1358–1374,1216

doi:10.1002/ggge.20074.1217

Hildreth, W., and S. Moorbath (1988), Crustal contributions to arc magmatism in the Andes of Central1218

Chile, Contributions to Mineralogy and Petrology, 98 (4), 455–489, doi:10.1007/bf00372365.1219

Hooper, A. J. (2008), A multi-temporal InSAR method incorporating both persistent scatterer and small1220

baseline approaches, Geophysical Research Letters, doi:10.1029/2008GL034654.1221

Hotta, K., M. Iguchi, T. Ohkura, T. Hendrasto, H. Gunawan, U. Rosadi, and E. Kriswati (2017), Magma in-1222

trusion and effusion at Sinabung volcano, Indonesia, from 2013 to 2016, as revealed by continuous GPS ob-1223

servation, Journal of Volcanology and Geothermal Research, doi:doi.org/10.1016/j.jvolgeores.2017.12.015.1224

Huber, C., O. Bachmann, and J. Dufek (2010), The limitations of melting on the reactivation of silicic1225

mushes, Journal of Volcanology and Geothermal Research, doi:10.1016/j.jvolgeores.2010.06.006.1226

Huber, C., O. Bachmann, and J. Dufek (2011), Thermo-mechanical reactivation of locked crystal mushes:1227

Melting-induced internal fracturing and assimilation processes in magmas, Earth and Planetary Science1228

Letters, doi:10.1016/j.epsl.2011.02.022.1229

Huber, C., O. Bachmann, and J. Dufek (2012), Crystal-poor versus crystal-rich ignimbrites: A competition1230

between stirring and reactivation, Geology, doi:10.1130/G32425.1.1231

Huber, C., M. Townsend, W. Degruyter, and O. Bachmann (2019), Optimal depth of subvolcanic magma1232

chamber growth controlled by volatiles and crust rheology, Nature Geoscience, doi:10.1038/s41561-019-1233

0415-6.1234

45

http://dx.doi.org/10.1126/science.aaz0147
http://dx.doi.org/10.1093/petrology/29.2.333
http://dx.doi.org/10.1146/annurev-earth-060614-105206
http://dx.doi.org/10.1029/2019JB017832
http://dx.doi.org/10.1016/j.jvolgeores.2019.106684
http://dx.doi.org/10.1002/ggge.20074
http://dx.doi.org/10.1007/bf00372365
http://dx.doi.org/10.1029/2008GL034654
http://dx.doi.org/doi.org/10.1016/j.jvolgeores.2017.12.015
http://dx.doi.org/10.1016/j.jvolgeores.2010.06.006
http://dx.doi.org/10.1016/j.epsl.2011.02.022
http://dx.doi.org/10.1130/G32425.1
http://dx.doi.org/10.1038/s41561-019-0415-6
http://dx.doi.org/10.1038/s41561-019-0415-6
http://dx.doi.org/10.1038/s41561-019-0415-6


 

Hurwitz, S., L. B. Christiansen, and P. A. Hsieh (2007), Hydrothermal fluid flow and deformation in large1235

calderas: Inferences from numerical simulations, Journal of Geophysical Research-Solid Earth, 112 (B2),1236

doi:10.1029/2006jb004689.1237

Jaupart, C. (2000), Magma ascent at shallow levels, in Encyclopedia of Volcanoes, edited by H. Sigurdsson,1238

pp. 237–245, Academic Press, San Diego.1239

Jaupart, C., and S. Tait (1990), Dynamics of eruptive phenomena, Reviews in Mineralogy, 24, 213–238.1240

Jay, J., F. Costa, M. Pritchard, L. Lara, B. Singer, and J. Herrin (2014), Locating magma reservoirs using1241

InSAR and petrology before and during the 2011-2012 Cordon Caulle silicic eruption, Earth and Planetary1242

Science Letters, 403, 463, doi:10.1016/j.epsl.2014.07.021.1243

Kubanek, J., M. Westerhaus, and B. Heck (2017), TanDEM-X Time Series Analysis Reveals Lava Flow Vol-1244

ume and Effusion Rates of the 2012–2013 Tolbachik, Kamchatka Fissure Eruption, Journal of Geophysical1245

Research: Solid Earth, pp. n/a–n/a, doi:10.1002/2017JB014309.1246

Lara, L. E., J. A. Naranjo, and H. Moreno (2004), Rhyodcacitic fissure eruption in Southern Andes (Cordon1247

Caulle; 40.5 degrees S) after the 1960 (Mw : 9.5) Chilean earthquake: a structural interpretation, Journal1248

of Volcanology and Geothermal Research, 138 (1-2), 127–138, doi:10.1016/j.jvolgeores.2004.06.009.1249

Lara, L. E., H. Moreno, J. A. Naranjo, S. Matthews, and C. P. de Arce (2006a), Magmatic evolution of the1250

Puyehue-Cordon Caulle volcanic complex (40 degrees S), Southern Andean Volcanic Zone: From shield1251

to unusual rhyolitic fissure volcanism, Journal of Volcanology and Geothermal Research, 157 (4), 343–366,1252

doi:10.1016/j.jvolgeores.2006.04.010.1253

Lara, L. E., A. Lavenu, J. Cembrano, and C. Rodriguez (2006b), Structural controls of volcanism1254

in transversal chains: Resheared faults and neotectonics in the Cordon Caulle-Puyehue area (40.51255

degrees S), Southern Andes, Journal of Volcanology and Geothermal Research, 158 (1-2), 70–86,1256

doi:10.1016/j.jvolgeores.2006.04.017.1257
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