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Abstract 

Evaluating volcanic hazards typically focusses on single eruptive centres or spatially restricted 

areas, such as volcanic fields. Expanding hazard assessment across wide regions (e.g., large 

sections of a continental margin) has been rarely attempted, due to the complexity of integrating 

temporal and spatial variability in tectonic and magmatic processes. In this study, I investigate 

new approaches to quantify the hazards of such long-term active and complex settings, using 

the example of the 22.5-29°S segment of the Central Volcanic Zone (CVZ) of the Andes. This 

zone records ~35 Myr of uninterrupted volcanic activity comprising a vast variety of activity 

types, edifice forms and erupted compositions. It hosts hundreds of volcanic features with 

youthful morphologies, including the site of one of the largest Holocene explosive eruptions 

known in the world, the Cerro Blanco eruption at ~4.2 ka BP. Despite these features, there has 

been no comprehensive investigation of the volcanic history of the region, nor its volcanic 

hazards. Through this study, a long-term probabilistic volcanic hazard assessment for the 22.5-

29°S segment of the CVZ is developed. This began with the creation of a volcanic geospatial 

database covering the last 35 Myr. The next step was to examine the wider tectonic history of 

the region and spatio-temporal drivers of volcanism. Furthermore, in order to gain new insights 

into the volcano-tectonic history of the region, the volcanic database was used to analyse the 

volumetric eruption rate over the last 35 Myr, and to track temporal variations in the main 

orientation of the volcanic arc. Finally, I developed a computer code to process such large 

volumes of data and help objectively delineate hazard zones in regions with different types of 

volcanism (e.g., monogenetic vs. polygenetic). The main volcano-tectonic and spatio-temporal 

patterns correlate well with the southward passage of an oceanic hotspot track during the 

Miocene. A response time of ~10-12 Myr is estimated between ridge subduction and the onset 

of high-flux magmatism at 22.5-24°S (~9 Ma) and 25-26°S (~5.5 Ma). If this trend continues, 

the 26.5-27.5°S segment, which hosted the Cerro Blanco eruption, is likely to experience a 

magmatic flare-up in the next few Myr. 
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Chapter 1. Introduction 

Traditionally, volcanic hazards are assessed at the scale of single volcanic systems, such as 

stratovolcanoes (Ogburn et al., 2020), or single volcanic fields (Connor and Hill, 1995). 

Motivation for hazard assessments are typically a perception of future risk, based on: past 

eruptive casualties, rapid population and infrastructure growth, insights from new age or other 

geological information, and/or an increase in unrest indicators (Siebe and Macías, 2003; 

Macías et al., 2008; Bird et al., 2010; Rolandi, 2010; Nocentini et al., 2014; Sandri et al., 2014; 

Biass et al., 2016a; Mead and Magill, 2017; Nurmawati and Konstantinou, 2018; Charbonnier 

et al., 2020; Jiménez et al., 2020; Reyes-Hardy et al., 2021). Volcanic hazard assessments 

depend upon assembling detailed information on eruption frequency, magnitude and style, 

integrating information from diverse geomorphic, structural, geochronological, geophysical, 

and geochemical data (e.g., Clavero et al., 2004; Harpel et al., 2011; Johnston et al., 2011; 

Alloway et al., 2017). 

Different tools are required for assessing volcanic hazards at distributed volcanic fields (e.g., 

Bartolini et al., 2015; Sieron et al., 2021), volcanic islands (e.g., Becerril et al., 2014; Cappello 

et al., 2016), caldera systems (e.g., Bevilacqua et al., 2015; Charlton et al., 2020), and large 

complex multi-vent volcanoes (e.g., Cappello et al., 2012; Jiménez et al., 2018). The greatest 

problem in dealing with such complex volcanic systems is that the distribution of specific 

eruptive hazards needs to be examined in relation to the locations of possible vent opening 

(e.g., Sandri et al., 2018; Bevilacqua et al., 2021). In addition to investigating spatial variability, 

long-lived volcanism at complex sites generates strong temporal hazard variability, which is a 

challenge to understand in contemporary forecasts (e.g., Bebbington and Cronin, 2011; Lerner 

et al., 2019). 

The problems of integrating spatial and temporal variations in hazard are compounded when 

examining larger areas of interest, such as volcanic arcs. Past regional-scale assessments 

typically analysed every volcano independently (e.g., Mullineaux, 1976; Miller, 1989; Amigo 

et al., 2012; Orozco et al., 2013). However, this is only feasible when a handful of volcanoes 

in a region are considered. If hundreds or thousands of volcanic centres are analysed, new 

approaches and methods are needed. Techniques have been developed to forecast the location 

and timing of future volcanic vent opening in arc segments (Martin et al., 2004; Jaquet et al., 

2012, 2017; Kósik et al., 2020), which is the first step toward regional assessment. There is a 
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further need to integrate spatial and temporal histories into these types of analysis, along with 

a comprehensive and systematic methodology to evaluate different types, frequencies and 

scales of volcano processes associated with each vent/volcano. Another challenge when 

carrying out volcanic hazard assessments in large and complex volcanic regions is the inherent 

difficulty of collecting comprehensive data that is of similar quality and resolution across a 

broad area. Even data coverage, such as in age information, mapping or volume estimations 

are less likely (and less affordable) as the spatial scope increases to whole arcs, or long-lived 

continental margin segments. 

Despite the complex challenge that the assessment represents, evaluating volcanic hazards over 

very large areas is a good way to take a bigger-picture view to enable the targeting of limited 

resources for new investigations or mitigation efforts to the most important areas. Furthermore, 

a regional long-term analysis can help to understand larger system changes that may highlight 

critical features for future hazard, such as regional migration of volcanic focussing, or specific 

regional-based tectonic or other drivers for volcanic flare-ups. Regional volcanism can also 

provide new insights into arc motion and subduction processes, which are not readily seen 

when studying only one or two volcanoes. 

In this study, I examine approaches to understand the relative spatial and temporal aspects of 

volcanic hazards within a large regional continental margin setting. This study is based on an 

area between latitudes 22.5-29°S along the Central Volcanic Zone (CVZ) of the Andes of South 

America (Fig. 1.1), which contains a wide diversity of volcano types, ages and compositions 

with a long-lived complex tectonic history. 

1.1. Scientific rationale and aims 

The motivation for this work was to examine how to evaluate volcanic hazards over a very 

large (regional) scale, where there is spatial-temporal variation in volcanic activity rates, 

volcano types and erupted compositions. The underpinning hypothesis is that through 

examining volcanic activity rates and scales over such a large area, more effective hazard 

assessments can be made and new unique insights will be revealed into volcano-tectonic 

relationships and other large-scale Earth-system processes (e.g., subduction mechanics, 

crustal growth, and crustal deformation). 
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The case study target region for this work was the 22.5-29°S segment of the CVZ. This region 

presents a complex challenge to regional volcanic hazard assessment, with a large variety in 

scale, age and type of volcanism. The aims pursued using this case study were: 

(1) To develop a methodology to perform a long-term volcanic hazards assessment in large 

and complex regions with space-time variant patterns of activity. 

(2) To elucidate spatio-temporal variations in volcanism of this region over the last ~35 

Myr in relation to systematic changes in the tectonic (subduction) regime. 

(3) To examine how volcanic patterns (e.g., arc width, orientation, and magma 

productivity) were affected by geodynamics of this region, including the impact of 

subduction of the Juan Fernández Ridge and other large oceanic ridges during the 

Miocene. 

(4) To generate a probabilistic volcanic hazard map for the region, and use this information 

to compare the relative contributions of the current arc and back-arc regions in terms of 

volcanic activity and volcanic hazards. 

As a foundation for this work, this research begins with development of a new volcanic 

geospatial database for the 22.5-29°S segment of the CVZ, using both literature reviews and 

targeted remote sensing studies as well as fieldwork to ground truth data in areas of poor 

mapping or satellite coverage. This resource is the first of its kind for the region. 
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Figure 1.1. Location map of the 22.5-29°S segment within the Central Volcanic Zone (CVZ) of the Andes (black 

rectangle). Red triangles show the late Cenozoic volcanoes presented in Trumbull et al. (2006). Inset shows the 

location of the study area with respect to South America as well as the main tectonic plates and volcanic zones. 

Red triangles in the inset correspond to the Pliocene and younger volcanoes of Siebert et al. (2010). NVZ = 

Northern Volcanic Zone, SVZ = Southern Volcanic Zone, and AVZ = Austral Volcanic Zone according to Stern 

et al. (2007). 
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1.2. Literature review 

1.2.1. Probabilistic volcanic hazard assessments 

Forecasting the timing, location, volume, and type of future volcanic events has been a focus 

of volcanological research during at least the last 50 years. Probabilistic analyses, based on 

geological and geophysical data have been typically performed for long-term hazard 

assessments (Martin et al., 2004; Cappello et al., 2012; Jaquet et al., 2012; Becerril et al., 2014). 

Many models share an approach that recognizes that inter-event variability lies generally within 

the constraints of long-term patterns in time, space, and style exhibited over the history of the 

volcanic region (Connor et al., 2015). Temporal and eruptive patterns extracted from the 

records of past eruptions are required to predict a volcano’s future behavior. In addition, zones 

with a higher density of volcano-structural features are assumed to have a higher probability of 

hosting future eruptive events. To perform these analyses in a thorough way, both detailed 

knowledge of the volcano (or volcanic region) and statistically significant data are required, 

which, in turn, limits such analyses (i.e., restricts their availability to only small parts of the 

world). 

Spatial hazard analyses are typically carried out via kernel density estimation (e.g., Runge et 

al., 2014; Bartolini et al., 2015; Bebbington, 2015; Becerril et al., 2017; Connor et al., 2018). 

This is a non-parametric method for estimating the probability density function (PDF) of a 

distributed sample (e.g., volcanic vents) in which the parameters that rule it are unspecified. 

Amongst the many different types of kernel, the most frequently used to obtain the PDFs of 

several volcano-structural datasets are the radially symmetric (i.e., isotropic) and the elliptical 

(i.e., anisotropic) Gaussian kernels. Both assume that the volcanic region has no boundaries, 

which is not compatible with volcanic fields with clear limits (e.g., Bebbington, 2015; Runge 

et al., 2015), although appropriate isocontours of the resulting PDFs have been proposed for 

defining such boundaries (Germa et al., 2013). 

Temporal analyses are more difficult. For volcanic fields with either a very low recurrence rate 

(e.g., Bebbington and Cronin, 2011), or scarce temporal data (e.g., El Difrawy et al., 2013), it 

has been usually assumed that the temporal component of the hazards assessment is 

independent of the spatial component (Bebbington, 2013, 2015). Based on this assumption, a 

constant eruption rate can be calculated, using the number of events over a specific time 

window (El Difrawy et al., 2013; Runge et al., 2014; Bartolini et al., 2015). Although this 
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inference may not reflect geological processes, extensive and expensive research is otherwise 

needed to obtain better eruptive data (e.g., Leonard et al., 2017; Mahgoub et al., 2017; 

Damaschke et al., 2018). Hence, a constant eruption rate is a reasonable first-order approach 

in volcanic areas with a poorly-known eruptive history. Other authors have proposed the use 

of probabilistic statistical models based on an event tree structure (e.g., Newhall and Hoblitt, 

2002; Marzocchi et al., 2004; Sobradelo and Martí, 2010). These models obtain the probability 

of occurrence of a particular future volcanic scenario within a given forecasting time interval 

via statistical inference. Their utility resides in the graphic representation of events through 

nodes and branches, which depict all relevant possible outcomes of volcanic unrest in 

progressively greater levels of detail, also taking into account their uncertainties. 

Recent applications of spatial probabilistic techniques have been done by modeling the spatial 

distribution of relevant volcano-structural (Cappello et al., 2012; Becerril et al., 2013; Jiménez 

et al., 2018) and geophysical (El Difrawy et al., 2013; Bartolini et al., 2014) data. Every dataset 

is typically converted into a PDF by means of a kernel function, and linearly combined 

assuming variable weights to generate a spatial probability map of vent opening. In order to 

incorporate a temporal component in the probabilistic analysis, the studies mentioned above 

were upgraded to include space-time varying intensity functions (Cappello et al., 2013), event 

tree techniques (Bartolini et al., 2014; Becerril et al., 2014; Jiménez et al., 2018), and eruption 

rate estimates (El Difrawy et al., 2013; Bartolini et al., 2015). In some cases, spatio-temporal 

probability maps of vent opening were generated. 

Theoretical aspects of the probabilistic methodologies commonly used to estimate vent 

opening locations have been revisited by analysing the influence of volcanic events (instead of 

volcanic vents), and the relationship between geological and geophysical data (Runge et al., 

2014, 2016). The typically low temporal rates in volcanic fields (10-4-10-5 events/year) led 

Bebbington (2015) to develop a model to estimate both the location and size (rather than the 

timing) of the next volcanic event in the Auckland Volcanic Field (New Zealand). 

Applications of probabilistic and statistical techniques to estimate the location and timing of 

future activity at large volcanic regions are exceedingly scarce. At the Tohoku Volcanic Arc 

(Japan), for example, Martin et al. (2004) modified the kernel function in order to give larger 

weights to stratovolcanoes compared to monogenetic volcanic centres. A weighing approach 

based on erupted volumes was followed by Richardson (2016) in order to identify regions of 

increased magma flux at the Arsia Mons volcanic field (Mars). An alternative stochastic 
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methodology was developed and tested at the Kyushu Volcanic Island (Japan) by Jaquet et al. 

(2012) in order to integrate geological and geophysical information into long-term hazard 

estimations. The effect of arc-front migration on the hazard analysis was analysed for the 

Tohoku Volcanic Arc by Jaquet et al. (2017). Finally, at the central segment of the Taupō 

Volcanic Zone (New Zealand), Kósik et al. (2020) tested several spatio-temporal statistical 

models for a large silicic volcanism-dominated caldera system in order to evaluate the tectonic 

control on new vent openings. 

The retrospective time interval suggested for conducting a spatio-temporal hazards assessment 

is not clear, and can vary by several orders of magnitude. For instance Runge et al. (2016) and 

Becerril et al. (2017) considered the last 30 Ma and 15 Ma for the Arabian shield volcanism 

(Saudi Arabia) and Lanzarote (Canary Islands), respectively, i.e. taking into account the whole 

volcanic activity of each region. On the other hand, Cappello et al. (2013) and Bartolini et al. 

(2014) constrained their analyses at Etna volcano (Italy) and Deception Island (Antarctica), 

respectively, to the historical period (i.e., the last ~500 yr). In between, there are examples of 

hazards assessments focused on the last ~25-350 ka of volcanic activity (Martin et al., 2004; 

Bebbington and Cronin, 2011; Becerril et al., 2014; Thompson et al., 2015; Kósik et al., 2020), 

and in general the more active the volcano being evaluated, the lower the retrospective time 

frame (e.g., Orsi et al., 2004; Macías et al., 2008; Cappello et al., 2012; Lerner et al., 2019). 

At present, apart from analyses of event location and/or onset time of eruption, few 

probabilistic volcanic hazard assessments have dealt with the distribution of specific eruptive 

hazards. This strong bias towards spatial and temporal assessments is due to both theoretical 

and technical difficulties in addressing, in a single assessment, the multiple volcanic 

phenomena that might be produced by any subsequent eruption. Some attempts concentrate on 

a single volcanic phenomenon, mainly pyroclastic density currents (Sandri et al., 2012; Neri et 

al., 2015; Bevilacqua et al., 2021), tephra fallout (Selva et al., 2014; Thompson et al., 2015), 

and lava flows (Connor et al., 2012; Gallant et al., 2018). Very few studies have included 

several volcanic phenomena (Alcorn et al., 2013; Bartolini et al., 2014, 2015; Becerril et al., 

2014, 2017; Sandri et al., 2014). Integration of multiple hazards into a single map has only 

been carried out qualitatively (or in one-off scenario events), because a quantitative and 

standardized procedure for hazard integration has been lacking. 
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1.2.2. Volcanic geodatabases as a tool to gain new insights into arc-scale processes 

Volcanic databases have mainly been constructed to collate information about active volcanoes 

(Siebert et al., 2010), eruption chronologies (Crosweller et al., 2012), and eruption fatalities 

(Brown et al., 2017). These global databases are being continuously refined to include 

information about volcanic unrest (Newhall et al., 2017) and other geophysical measurements 

(Ebmeier et al., 2018) in order to help mitigate the impact of future volcanic events (Ogburn et 

al., 2018). Information about stratovolcanoes (Grosse et al., 2014), maars (Graettinger and 

Bearden, 2018), and calderas (Geyer and Martí, 2008) have been included in databases as well, 

usually reporting dimensions, ages, and erupted volumes in order to understand regional-scale 

long-term patterns in continental arc magmatism. When the database includes precise volcano 

location and age data for a specific region, recurrence rates and vent-opening probability maps 

can be made (e.g., Yucca Mountain, USA; Connor and Hill, 1995; Gallant et al., 2021). When 

the database includes detailed information about vent location, age data, and erupted volumes 

(e.g., Auckland Volcanic Field, New Zealand; Kereszturi et al., 2013; Leonard et al., 2017), 

sophisticated spatio-temporal (Bebbington, 2013) and spatio-volumetric (Bebbington, 2015) 

models can be developed. Where available, ancillary information extracted from geophysical 

(Bebbington and Marzocchi, 2011) or geochemical (Hopkins et al., 2021) databases can be 

used to feed a specific statistical model. 

The Central Volcanic Zone of the Andes is a large and remote region. As such, volcanic 

databases have prioritized collecting information about volcanic centres (de Silva and Francis, 

1991; Trumbull et al., 2006), radiometric ages (Trumbull et al., 2006), ignimbrite deposits 

(Brandmeier and Wörner, 2016), and rock geochemistry (Mamani et al., 2010). Within the 

study area (22.5-29°S), volcanic databases have also focused on documenting volcanic vents 

(Tibaldi et al., 2017; Haag et al., 2019; Grosse et al., 2020) and ignimbrite deposits (Kay et al., 

2010; Guzmán et al., 2014), although to date only for specific sub-regions. Volumes and 

eruption chronologies have only been compiled for a few volcanoes (Karátson et al., 2012; 

Grosse et al., 2014, 2018, 2020; Naranjo et al., 2019a) and ignimbrite deposits (Guzmán et al., 

2014; Brandmeier and Wörner, 2016; Naranjo et al., 2018). 

New insights into arc-scale processes are dependent on assembling detailed volcanic databases. 

For instance, Till et al. (2019) used geophysical, petrological and geochemical data combined 

with erupted volumes to analyse major intra-arc variations in magmatic flux and lava 

composition in the Cascades arc (North America), finding that these are mostly related to 
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variations in the flux of mantle-derived magmas into the crust. Compositional diversity along 

the Cascades arc was further inspected by means of a comprehensive geochemical dataset 

(Pitcher and Kent, 2019), suggesting that regional-scale along-strike variabilities can be 

explained by differences in subduction geometry, regional tectonics and mantle heterogeneity. 

A new database of volcanic vents and edifice volumes was recently compiled for the Cascades 

arc, and compared with diverse geophysical datasets, to evaluate spatial focusing of magma 

ascent beneath volcanoes (O’Hara et al., 2020). Tectonic rotations were also analysed for 

northwestern North America by coupling age and location information of volcanoes and 

intrusives from the Cascades arc with paleomagnetic and geodetic data (Wells and McCaffrey, 

2013). Finally, in the Tohoku Volcanic Arc (Japan), datasets including morphological, 

geophysical, and volcano location information were combined to evaluate the effect of mid-

crustal magmatic intrusions on regional surface uplift and the development of volcanic clusters 

(George et al., 2016). 

1.2.3. Volcanoes of the Central Volcanic Zone of the Andes 

Compilations that document volcanoes in the Central Volcanic Zone of the Andes have been 

regularly updated since the advent of satellite imagery in the early 1970s. Comprehensive 

catalogues were generated by de Silva and Francis (1991) and Trumbull et al. (2006), who 

identified >1,000 and >1,450 late Cenozoic volcanic centres, respectively. With the rise of 

improved geospatial tools, more volcanoes became apparent, although studies have been 

focused on identifying specific volcano types across sub-areas (Tibaldi et al., 2017; Haag et 

al., 2019; Naranjo et al., 2019a). Gaps in regional coverage remain, as do questions about the 

broader diversity of volcano types and the accuracy of volcanic vent location and classification. 

Less ambiguous is the number of active volcanoes, which has remained around 60 over the last 

three decades (Francis and de Silva, 1989; González-Ferrán, 1995; Siebert et al., 2010). 

Updated work from the Geological Surveys of Chile, Peru, and Argentina currently identifies 

66 active volcanoes in the region (Lara et al., 2011; Elissondo et al., 2016; Macedo et al., 2016). 

South of ~22.5°S, the most active volcano is Láscar, with 34 eruptions recorded since the year 

1848 (Casertano, 1963; González-Ferrán, 1995; Petit-Breuilh, 2004), the latest in October 2015 

(Global Volcanism Program, 2016). Other volcanoes with unconfirmed historical eruptions 

are: Llullaillaco (seven events between 1854 and 1960; Casertano, 1963; Petit-Breuilh, 2004), 

Púlar-Pajonales (one event in April 1990; Global Volcanism Program, 1991), Aracar (one 

event in March 1993; Global Volcanism Program, 1993a), Ojos del Salado (one event in 
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November 1993; Global Volcanism Program, 1993b), and Chiliques (one thermal hotspot in 

January 2002; Global Volcanism Program, 2002). Currently, four volcanoes host fumarolic 

activity (Alítar, Láscar, Lastarria, and Ojos del Salado; de Silva and Francis, 1991; González-

Ferrán, 1995), four are actively deforming (Lastarria, Cordón del Azufre, Cerro Bayo, and 

Cerro Blanco; Pritchard and Simons, 2002; Henderson and Pritchard, 2013), and nine have 

shown thermal anomalies detected by infrared satellite imagery (Licancabur, Alítar, Láscar, 

Chiliques, Púlar-Pajonales, Lastarria, Sierra Nevada, Falso Azufre, and Ojos del Salado; Jay et 

al., 2012). Only two volcanoes, Láscar and Lastarria, are currently monitored 

(https://www.sernageomin.cl/red-nacional-de-vigilancia-volcanica/). A comparison of the late 

Cenozoic (Trumbull et al., 2006) and active (Siebert et al., 2010) volcanic catalogues is shown 

in Fig. 1.2, which also depicts the location of all the volcanoes mentioned above. 

Studies focused on unravelling the geological histories of specific volcanoes south of ~22.5°S 

are scarce (e.g., Naranjo, 2010; Gardeweg et al., 2011; Norini et al., 2014; Grosse et al., 2018; 

Bustos et al., 2019). The lack of studies could explain why volcanic hazards have not been 

systematically assessed yet. In all but one case (Láscar volcano; Gardeweg and Amigo, 2015), 

volcanic hazards in the region have only been addressed from a regional and qualitative 

perspective, which evaluates every volcano independently and considers them as equally likely 

to erupt (Perucca and Moreiras, 2009; Lara et al., 2011; Amigo et al., 2012). However, in the 

last few years, studies have started focusing on detailed descriptions of the volcanic processes 

most characteristic in the region: e.g., pyroclastic density currents (Báez et al., 2020a,b), 

ballistic projectiles (Bertin, 2017), lava flows (Fernández-Turiel et al., 2021), debris flows 

(Rodríguez et al., 2020), and tephra fallout (Fernández-Turiel et al., 2019). These recent studies 

represent the first step towards a comprehensive assessment of volcanic hazards at some 

specific volcanoes. At regional scales, however, the study area is still lacking a volcanic hazard 

assessment based on a systematic, standardized and quantitative approach that considers 

variabilities in eruption source location and timing. Results obtained during such a regional-

scale assessment can shed further light onto local-scale areas within which to conduct detailed 

local-scale assessments. 

Taking a regional approach can also enable better recognition of the broader arc-scale processes 

controlling the volcano-tectonic evolution of the region. Previous research has provided 

compelling evidence in favour of the influence of the Juan Fernández Ridge on the major 

magmatic and tectonic perturbations (e.g., high-flux magmatism, arc-front broadening) as it 

subducted beneath the region during the Miocene, some of which persist to the present day 

https://www.sernageomin.cl/red-nacional-de-vigilancia-volcanica/
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(Kay and Coira, 2009; Freymuth et al., 2015; Brandmeier and Wörner, 2016; de Silva and Kay, 

2018). The migration history of the Juan Fernández Ridge, however, remains imprecise (e.g., 

Yáñez et al., 2001; Bello-González et al., 2018). This uncertainty on ridge migration means 

response times between ridge subduction and major volcano-tectonic changes are also loosely 

constrained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Volcanoes of the Central Volcanic Zone of the Andes. (a) Late Cenozoic volcanoes identified by 

Trumbull et al. (2006) (red triangles). (b) Active volcanoes as compiled by Siebert et al. (2010) (yellow triangles). 

Pink triangles in (b) highlight those volcanoes where signs of unrest have been recorded; of these, only volcanoes 

south of ~22.5°S (i.e., within the study region) are labelled. Note that the catalogue of Trumbull et al. (2006) has 

no data north of ~17.5°S. 



 

12 
 

1.2.4. The role of the Juan Fernández Ridge 

The role of the Juan Fernández Ridge as a major driver of tectonic and magmatic activity in 

the Central Volcanic Zone (CVZ) of the Andes was underscored in the early 1980s (e.g., Nur 

and Ben-Avraham, 1981; Pilger, 1981, 1984). Improvements in seafloor mapping and new 

magnetic and age constraints, (e.g., Pardo-Casas and Molnar, 1987; Von Huene et al., 1997), 

together with new seismic and volcanic data (e.g., Kay et al., 1991; Cahill and Isacks, 1992), 

led to a refined kinematic model of ridge-continent collision for the late Cenozoic (Yáñez et 

al., 2001). The Yáñez et al. (2001) model was seminal in providing a better understanding of 

the migration history of the Juan Fernández Ridge since the creation of the Nazca oceanic plate 

at ~23 Ma. A first-order space-time correlation between broadening of arc magmatism with the 

subduction of the Juan Fernández Ridge was found for the 20-28°S segment of the CVZ 

(Allmendinger et al., 1997; Trumbull et al., 2006; Kay and Coira, 2009). The influence of ridge 

subduction on high-flux magmatism led to suggestions of a 5-10 Myr time lag between the two 

(Beck et al., 2015; Freymuth et al., 2015; Brandmeier and Wörner, 2016). This latter 

observation gave rise to the hypothesis that the 25-27.5°S segment of the CVZ has the potential 

to host future large-volume magmatism (Beck et al., 2015; Ward et al., 2017; Pritchard et al., 

2018; de Silva and Kay, 2018). However, even the most recent studies focused on regional-

scale high-flux magmatic patterns (e.g., de Silva and Kay, 2018; Pritchard et al., 2018) are 

based on the kinematic reconstruction of Yáñez et al. (2001). 

During the last decade, new global geodynamic models were released taking into consideration 

an absolute hotspot reference frame (e.g., Doubrovine et al., 2012; Seton et al., 2012; Müller 

et al., 2016). These models were reanalysed and refined for the region by Bello-González et al. 

(2018), who generated a new kinematic reconstruction of the Farallon/Nazca and South 

American plates. This new plate reconstruction, combined with upgraded models of oceanic 

hotspot locations, were used by Bello-González et al. (2018) to predict the migration history 

of several hotspot tracks starting from ~120 Ma, which included the Juan Fernández, Copiapó, 

and Taltal oceanic ridges. Two kinematic reconstructions were then provided for these three 

oceanic ridges (Bello-González et al. (2018). Comparisons between these two models to 

determine which ridge-trench collision history best fits the volcano-tectonic evolution of the 

CVZ are exceedingly scarce. Bello-González et al. (2018) did not find significant differences 

when contrasting these two models with the history of the major tectonic features identified in 

the western margin of the South American continent. Lara et al. (2018), using geochemical and 

precise age data, generated a rectified trace for the Juan Fernández Ridge and reconstructed the 
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migration of its collision point since 15 Ma, which apparently fits better with Model 2 of Bello-

González et al. (2018). Uncertainties on ridge migration, however, remain. 

1.3. Thesis outline 

This thesis is structured as follows: 

Chapter 2 presents a thorough overview of the current geological knowledge of the Central 

Volcanic Zone (CVZ) of the Andes, with emphasis on the 22.5-29°S segment. In order to 

provide a regional context, the tectonic and magmatic history of the Central Andes, which 

includes the CVZ and two flat-slab segments, is included. 

Chapter 3 introduces MatHaz: a computer code developed to provide a semi-automated 

approach to probabilistic analysis of volcanic hazards in regions characterized by distributed 

volcanism. This code was tested on a well-known monogenetic volcanic field in southern Chile. 

This chapter is published in the Journal of Applied Volcanology as ‘MatHaz: a Matlab code to 

assist with probabilistic spatio-temporal volcanic hazard assessment in distributed volcanic 

fields’ (Bertin et al., 2019). 

Chapter 4 introduces a new volcanic geodatabase and reports a new estimation of the erupted 

volume and volcanic eruption rates of the 22.5-29°S segment of the CVZ. The evolution of the 

erupted volume is used to estimate magmatic response times due to a transient shallowing of 

the subducting slab caused by the subduction of the Juan Fernández Ridge. This work is 

currently in preparation for submission to a peer-reviewed journal. The database introduced in 

this chapter provides the input that feeds the MatHaz application in Chapter 6. 

Chapter 5 presents a novel methodology for comparing relative tectonic rotations using 

volcanic alignments over time. The new volcanic geodatabase outlined in Chapter 4 is used to 

track late Cenozoic (<30 Ma) oroclinal bending of the 22.5-29°S segment of the CVZ. 

Inferences into broader geodynamic processes, such as the transient subduction of oceanic 

ridges, are made. This work is currently in preparation for submission to a peer-reviewed 

journal. 

Chapter 6 uses the MatHaz code presented in Chapter 3 and the new volcanic geodatabase of 

Chapter 4 to generate a comprehensive long-term probabilistic volcanic hazard assessment for 

the 22.5-29°S segment of the CVZ. In this chapter, zones of high spatial probability, volcanic 

event recurrence rates, and areas prone to be affected by volcanic processes are obtained. The 
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most exposed settlements to future volcanic activity are also identified. This work is currently 

in preparation for submission to Frontiers in Earth Science. 

Chapter 7 discusses the results from the previous four chapters and synthesises them into an 

integrated and coherent model. It is shown that the main spatio-temporal, volumetric, and 

volcano-tectonic patterns of volcanism can be used to refine magmatic response times related 

to the subduction of the Juan Fernández Ridge. Derived from the hazards assessment conducted 

for the 22.5-29°S segment of the CVZ, the distinction between arc and back-arc in terms of 

future volcanic activity and volcanic hazards is specified. In addition, considerations for how 

volcanic hazards should be assessed for large and complex volcanic regions are presented. The 

chapter ends with a summary of this thesis, its conclusions, and recommendations for future 

work. 

The only alterations of the above papers (published and in preparation) within this thesis are 

figure and table numbers. 
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Chapter 2. Geological background 

2.1. Introduction 

The Central Volcanic Zone (CVZ) of the Andes is part of the Central Andes of South America. 

The Central Andes is a long-lived orogenic belt that runs along the western margin of South 

America between ~5°S and 33°S (Fig. 2.1a). The CVZ forms a conspicuous volcanic arc that 

includes the volcanoes of southern Peru, northern Chile, western Bolivia, and northwestern 

Argentina between ~13°S and 29°S (Fig. 2.1a). The CVZ hosted the largest Holocene volcanic 

eruptions in historical and prehistorical times anywhere in South America: Huaynaputina, 1600 

AD (16.6°S; de Silva and Zielinski, 1998), and Cerro Blanco, ~4.2 ka BP (26.8°S; Fernández-

Turiel et al., 2019), with a Volcanic Explosivity Index (VEI; Newhall and Self, 1982) of 6 and 

7, respectively. CVZ eruptions ≥VEI 3 during the last 100 years were observed at Sabancaya 

(15.8°S), in May-June 1990 (Gerbe and Thouret, 2004), and Láscar (23.4°S), in April 1993 

(Gardeweg and Medina, 1994). At least 37 VEI-2 eruptions are also recorded over the last 

Century, the most recent at Sabancaya (Global Volcanism Program, 2021). 

There is a difference in the concentration of historical (i.e., post 1500 AD) CVZ volcanic 

activity north and south of ~24°S. Only 5 out of 119 historical eruptions occurred south of this 

point (~24-29°S), whereas 44 were in central CVZ (~20-24°S) and 66 farther north (~13-20°S) 

(https://volcano.si.edu/). Population density also varies per volcanic segment, with the lowest 

(2.4 people/km2) for the ~24-29°S segment, compared to 10.7 people/km2 in the centre (~20-

24°S) and 17.3 people/km2 for most active north (~13-20°S) (INDEC, 2010; INE Bolivia, 

2012; INE Chile, 2017; INEI, 2018). The poor historical record in the southern segment of the 

CVZ might in part be due to its very low population density. This missing record was also 

suggested by studies that identified fresh volcanic features from satellite imagery in south CVZ 

that were indistinguishable from known young features in the north (de Silva and Francis, 1990; 

1991; González-Ferrán, 1995). The same satellite studies reveal >1,000 late Miocene and 

younger volcanoes in the CVZ (de Silva and Francis, 1990, 1991; Trumbull et al., 2006). The 

increasing quality and availability of remote-sensed imagery and new geospatial tools have 

enabled a revolution in volcanic analysis in the region. For instance, in Chile, there were more 

geological maps published in the last 12 years for the CVZ than the previous 50 years 

(https://www.sernageomin.cl/publicaciones/), along with a similar trend in Argentina 

(http://www.segemar.gov.ar/descargas/catalogo/catalogo.pdf).

https://volcano.si.edu/
https://www.sernageomin.cl/publicaciones/
http://www.segemar.gov.ar/descargas/catalogo/catalogo.pdf
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Figure 2.1. Location map of the Central Volcanic Zone (CVZ) of the Andes with respect to South America. (a) Main tectonic elements. JFR = Juan Fernández, CR = Copiapó, 

and TR = Taltal ridges. The black striped region delimits the study area of this work. Volcanic zones abbreviations as per Fig. 1.1. (b) Andean thrust and Andean foreland basin 

fronts according to Horton (2018a,b). Red triangles correspond to the Pliocene and younger volcanoes of Siebert et al. (2010).
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In the last decade, new geospatial data inspired reviews of the tectonic, sedimentary and 

geodynamic record of the region (Ramos, 2009; DeCelles et al., 2015a; Garzione et al., 2017; 

Horton, 2018a; Martinod et al., 2020). Further, specific temporal or spatial sections of the 

volcano-tectonic record were published (Allmendinger et al., 1997; Trumbull et al., 2006; Kay 

et al., 2008, Kay and Coira, 2009; Naranjo et al., 2019a). However, a comprehensive review of 

the volcanic and magmatic history of the CVZ in relation to the geodynamic and tectonic 

understanding of the Central Andes is currently missing. 

In order to adequately address the volcano-tectonic evolution of the CVZ, its geodynamic 

setting must be taken into consideration. In particular, the most outstanding geological feature 

in the region, namely the Andean Cordillera, is worth mentioning. Commonly shortened as to 

“the Andes”, this mountain range is amongst the main topographic features on the Earth’s 

surface. The Andes hosts most, if not all, of the tectonic, magmatic, and volcanic activity in 

the region, and its evolution as an orogen can be traced as far back as the Late Triassic-Early 

Jurassic (210-180 Ma). 

2.2. The Andes 

The Andes is the longest continental mountain range in the world and the most distinctive 

morphological feature of South America. The Andes extends along the western coast of South 

America for >8,000 km, between 10°N and 56°S and through seven countries: Venezuela, 

Colombia, Ecuador, Peru, Bolivia, Chile, and Argentina (Fig. 2.1a). This mountain chain is a 

consequence of lithospheric shortening related to semi-continuous subduction of both extinct 

(Catequil, Chasca, Aluk/Phoenix and Farallon) and modern (Nazca and Antarctic) oceanic 

plates beneath the South American continental plate (Lonsdale, 2005; Chen et al., 2019). It is 

the archetype of a mountain range built through Andean-type subduction (i.e., without 

continental collision) (Ramos, 2009; Horton, 2018a). 

The Andean orogenic belt is on average ~200-500 km wide. Its widest part is located at ~18-

20°S, where the continental margin bends 60° to the west, a region known as the Bolivian 

orocline (Isacks, 1988), and its narrowest part is located south of ~50°S (Maloney et al., 2013) 

(Fig. 2.1b). Its average elevation fluctuates latitudinally between 1 and 4 km above sea level, 

with its highest around ~32°S, where several summits exceed 6,000 m above sea level (Ramos 

et al., 1996). The high mean elevation at ~32°S decreases gradually southwards, and more 

abruptly south of ~42° before joining a submarine ridge at ~56°S (Mukasa and Dalziel, 1996). 
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Throughout much of its length, its topographic axis separates the western forearc and arc 

regions from the eastern retroarc thrust belt and foreland basin system (Horton, 2018a,b) (Fig. 

2.1b). 

Due to its length and longevity, tectonic regimes along the Andes have varied in space and time 

depending on: 1) the degree of mechanical coupling along the plate boundary; 2) complex 

interactions between the subducted slab and the lower mantle (e.g., slab anchoring/stagnation); 

and 3) varying subducting slab geometries (Faccenna et al., 2017; Horton, 2018a; Chen et al., 

2019; Martinod et al., 2020; Portner et al., 2020). The occurrence of these processes and their 

feedbacks have, in turn, also influenced lithospheric stresses, deformation patterns, crustal 

thickness, magmatic activity, and dynamic topography. Long-lived cycles of plate shallowing 

and steepening are amongst the most important for generating My- and regional-scale influence 

(Ramos et al., 2002, 2014; Ramos, 2009; Ramos and Folguera, 2009; Martinod et al., 2020). 

In the current plate tectonic configuration, the Nazca oceanic plate typically subducts at an 

angle of 25-30° east at slab depths of >90 km (Barazangi and Isacks, 1976; Cahill and Isacks, 

1992; Ramos et al., 2002; Metcalf and Kapp, 2015). This ‘normal subduction’ setting is 

characterized by an active and well-defined magmatic arc, a thin-skinned fold-and-thrust belt 

in the retroarc area, and limited foreland subsidence and sedimentation (Ramos and Folguera, 

2009; Horton, 2018a). There are, conversely, other segments where the oceanic plate subducts 

at shallower angles. For instance, at ~5-13°S and ~29-33°S, the Nazca plate subducts at an 

angle of <10° east for slab depths 100-150 km, due to the subduction of the buoyant Nazca and 

Juan Fernández oceanic ridges, respectively (Gutscher et al., 1999; Yáñez et al., 2001; Rousse 

et al., 2003; Anderson et al., 2007) (Fig. 2.1a). Further south, at about 46°S, the Chile Rise, an 

active spreading ridge between the Nazca and Antarctic plates, is also being subducted at a 

shallow angle (Cande et al., 1987; Tebbens et al., 1997) (Fig. 2.1a). 

The zones of flat or near-flat slab subduction have an along-strike influence that spans up to 

1,500 km (Ramos and Folguera, 2009). The increased interplate contact area of flat slab zones 

causes a craton-ward migration and widening of the deformation front through a thermally 

weakened broken foreland. This produces a thick-skinned fold-and-thrust belt in the retroarc 

area and a foreland basin system (Horton, 2018a,b) (Fig. 2.1b). It also causes a craton-ward 

widening of the volcanism that leads to magmatic waning and ultimately a magmatic gap. 

Lastly, a dramatically enhanced subsidence and sedimentation rate occurs within adjacent 

foreland basins (Ramos et al., 2002; Ramos and Folguera, 2009; Martinod et al., 2020). 
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The flat-slab influenced zones form the natural boundaries of the four volcanic segments of the 

arc (Stern et al., 2007): the Austral Volcanic Zone (AVZ, south of ~49°S), the Southern 

Volcanic Zone (SVZ, ~33-46°S), the Central Volcanic Zone (CVZ, ~13-29°S), and the 

Northern Volcanic Zone (NVZ, ~2°S-5°N) (Fig. 2.1a). In relation to the morphotectonic 

segmentation of the Andean Cordillera (Stern, 2004), the Southern Andes includes the AVZ 

and the SVZ, the Central Andes corresponds to the CVZ and two flat-slab segments (Peruvian 

to the north and Pampean to the south), and the Northern Andes comprises the NVZ and the 

Bucaramanga flat slab segment (Fig. 2.1a). 

2.3. The Central Andes 

The Central Andes runs for more than 3,500 km through ~5°S and 33°S (Fig. 2.1a). After its 

origins in the Early Jurassic (190-180 Ma; Charrier et al., 2007; Ramos, 2009), a key moment 

in the evolution of the Central Andes is the opening of the South Atlantic Ocean at ~135 Ma 

(Renne et al., 1992; Thiede and Vasconcelos, 2010). The thermal anomaly related to the 

opening weakened much of the newly-created South American crust (Reutter et al., 2006; 

Pearson et al., 2013). This generated a system of intracontinental rift basins oblique to the main 

strike of the Andes (Monaldi et al., 2008; Gianni et al., 2015). 

During the Early to Late Cretaceous (120-110 Ma), upper-crustal deformation was widespread 

throughout the Central Andes (Carrapa and DeCelles, 2008; Horton, 2018a). This was 

enhanced by a net westward (i.e., trench-ward) motion of the South American plate after a 

period of net retreat (Maloney et al., 2013; Schepers et al., 2017). Net westward advance 

persists until today at a current absolute velocity of ~1.9-2.1 cm/yr (Seton et al., 2012; Müller 

et al., 2016). 

The subduction of the Farallon oceanic plate, the predecessor of the current Nazca plate, 

commenced at ~80 Ma after an enigmatic gap in the subduction record possibly due to a plate 

reorganization event (Chen et al., 2019). The Farallon plate subducted obliquely (~15-65°) 

beneath the Central Andes throughout much of the Paleocene-Oligocene (55-23 Ma) with a 

steadily increasing velocity from ~4 to 10 cm/yr during that period. The rupture of the Farallon 

plate into the Nazca and Cocos plates at ~23 Ma (Lonsdale, 2005; Barckhausen et al., 2008), 

was followed by an almost-orthogonal (~75-85°) subduction of the Nazca plate under South 

America (Seton et al., 2012; Müller et al., 2016) (Fig. 2.2a). This configuration was stable 

throughout the Neogene-Quaternary, although the subduction rate steadily decreased (Pardo-
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Casas and Molnar, 1987; Somoza and Ghidella, 2012) (Fig. 2.2b). Current motion estimates 

for the Nazca plate vary; a plate motion azimuth of ~67-79° (Fig. 2.2a), and an absolute velocity 

of ~5.6-7.0 cm/yr (Fig. 2.2b) are estimated (Seton et al., 2012; Müller et al., 2016). Recent 

tectonic models for the Central Andes suggest a weak correlation between upper crustal 

deformation rates and oceanic plate subduction rates throughout the Cenozoic (Maloney et al., 

2013; Chen et al., 2019). 

2.3.1. Tectonic evolution 

The long-lived deformation history of the Central Andes has given rise to several 

tectonomorphic zones (e.g., Charrier et al., 2007) (Fig. 2.3). These zones can be better 

elucidated by reviewing some schematic sections perpendicular to the Central Andean orogen 

(e.g., Horton, 2018a). For instance, at ~23°S, from west to east they are: the Peru-Chile oceanic 

trench, the Coastal Cordillera (an Early Jurassic-Late Cretaceous volcanic arc), the 

Longitudinal Valley (a modern forearc basin), the Chilean Precordillera (a Late Cretaceous-

Paleogene volcanic arc), the Western Cordillera (the Neogene to modern volcanic arc), the 

Altiplano-Puna (a high-elevation hinterland plateau), the Eastern Cordillera (a bivergent thick-

skinned retroarc thrust belt), the Subandean (thin-skinned) and Santa Bárbara (thick-skinned) 

ranges (the most active portions of the foreland thrust belt), and the Chaco plain (a low-

elevation and low-relief active foreland basin) (Allmendinger et al., 1983; Jordan et al., 1983; 

Horton et al., 2001; Oncken et al., 2006) (Fig. 2.3). South of ~28°S, the Altiplano-Puna plateau 

no longer has geographical continuity, the Western Cordillera is replaced by the Principal 

Cordillera (a thin-skinned fold-and-thrust belt with Neogene and modern volcanic activity), 

and the Eastern Cordillera-Subandean-Santa Bárbara system gives way to the Frontal 

Cordillera (a thick-skinned retroarc thrust belt), to the Precordillera (a bivergent thin-to-thick-

skinned foreland thrust belt), and to the Sierras Pampeanas (a large-scale thick-skinned 

foreland thrust belt) (Jordan et al., 1983; Ramos et al., 2002; Giambiagi et al., 2011). 

It is unsure whether the Central Andean deformation has been continuous, or has occurred 

within a series of discrete pulses (Noblet et al., 1996; Barnes and Ehlers, 2009; Horton, 2018a). 

Several events are proposed between the Early-Late Cretaceous boundary, the Eocene, and the 

middle Miocene (Oncken et al., 2006; Charrier et al., 2007; Bascuñán et al., 2016). Others 

suggest a semi-continuous deformation over a longer time interval (DeCelles and Horton, 2003; 

McQuarrie et al., 2005; Pearson et al., 2013). Hybrid models based on steady deformation with 

episodic shortening peaks are also suggested (Anderson et al., 2017; Rak et al., 2017). 
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Figure 2.2. Plate motion parameters of the oceanic Nazca and Farallon plates during the late Cenozoic, calculated 

using absolute reference frames (see Müller et al., 2016). (a) Plate motion azimuth versus time. (b) Plate motion 

absolute velocity versus time. The vertical red line drawn at 23 Ma indicates the rupture of the Farallon plate and 

the creation of the Nazca plate. 
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Figure 2.3. Main tectonomorphic regions of the Central Andes, as indicated by gradational colours. Grey triangles 

correspond to the Pliocene and younger volcanoes of Siebert et al. (2010). 
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A remarkable geographical feature caused by the Central Andean deformation is the Bolivian 

orocline, a pronounced curvature of the South American western margin at ~18-20°S (Fig. 

2.1a), attributed to a north-south horizontal shortening gradient that occurred between the 

Eocene and late Oligocene (45-25 Ma), whose maximum was located at ~17-21°S (Isacks, 

1988; Kley, 1999; Arriagada et al., 2008; Eichelberger and McQuarrie, 2015). This horizontal 

shortening gradient seems to be related to a long-lasting period of flat-slab subduction located 

at ~14-20°S (James and Sacks, 1999; Martinod et al., 2020). The flat-slab event is attributed to 

the coeval and quasi-stationary subduction of three oceanic hotspot tracks: Taltal (TR), 

Copiapó (CR), and Juan Fernández (JFR) (Bello-González et al., 2018). The creation of the 

Nazca plate, at ~23 Ma, triggered the migration of these three ridges to the south to their current 

positions at ~25.2°S (TR), ~27.3°S (CR), and ~32.5°S (JFR) (Bello-González et al., 2018) (Fig. 

2.1a). Geodetic data suggest that the bending of the orocline remains active today (Lamb, 2000; 

Allmendinger et al., 2005). 

The onset of the Eocene-Oligocene flat slab regime caused a sudden eastward jump of the 

deformation front, generating the Altiplano-Puna and the Eastern Cordillera (McQuarrie et al., 

2005; Anderson et al., 2018). During the Miocene, the deformation front migrated from the 

Eastern Cordillera to the foreland provinces (Oncken et al., 2006; Anderson et al., 2017). Since 

~6 Ma, the deformation front has been at a distance of up to ~550-600 km from the oceanic 

trench (DeCelles et al., 2011; Carrapa et al., 2012) (Fig. 2.1b). Current shortening rates 

estimates depend upon the deformation model, but usually fall within the range ~5-10 mm/year 

(McQuarrie et al., 2005, 2008; Barnes et al., 2008; Eichelberger et al., 2013). 

A direct consequence of such a long-lasting deformation is a thick continental crust (>50 km) 

throughout much of the Central Andes. The maximum thickness of ~75-80 km is the thickest 

in any non-collisional orogen, and lies under the Altiplano-Eastern Cordillera boundary at ~17-

21°S (Tassara et al., 2006; van der Meijde et al., 2013; Ryan et al., 2016). That maximum 

shortening and crustal thickness geographically coincide suggests that horizontal shortening is 

the major responsible of crustal thickening (Isacks, 1988; Allmendinger et al., 1997; Beck and 

Zandt, 2002). Other processes, such as magmatic addition, tectonic underthrusting and lower 

crustal flow have also been proposed to explain diachronous thickening (i.e., farther away from 

the main deformation front), or additional thickening in those places where shortening by itself 

is insufficient to account for the observed crustal thickness (Allmendinger et al., 1997; Kley 

and Monaldi, 1998; Garzione et al., 2014). 
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The relationship between crustal shortening/thickening and surface uplift/exhumation in the 

Central Andes depends on the feedback between tectonics and erosion (Garzione et al., 2008; 

Leier et al., 2013; Stalder et al., 2020). This is complicated by a range of other typical 

geodynamic processes that may occur in this region, including: lithospheric foundering, 

ablative subduction, lower crustal flow and magmatic addition (Garzione et al., 2008, Barnes 

and Ehlers, 2009; Sundell et al., 2019). From these, lithospheric foundering is a dominant 

regional-scale geodynamic process in the Central Andes (Garzione et al., 2006, 2017; 

Schildgen and Hoke, 2018). 

2.3.2. Lithospheric foundering 

Exceptionally thick crust can become gravitationally unstable if it is sufficiently dense (e.g., 

due to an eclogite phase transition), so that lower crust and upper-mantle lithosphere may 

delaminate and sink (Kay and Kay, 1993; Sobolev and Babeyko, 2005). This process leads to 

an isostatic response of the crust as the asthenosphere occupies the space left by the detached 

lithosphere, and it can explain the rapid surface uplift measured for the Altiplano and the 

Eastern Cordillera since the late Oligocene (Garzione et al., 2006; Schildgen and Hoke, 2018). 

Delamination and other smaller-scale lithospheric foundering processes, such as Rayleigh-

Taylor instabilities, may also explain some peculiar geochemical (e.g., back-arc mafic 

magmatism; Kay et al., 1994; Ducea et al., 2013), geophysical (e.g., lithospheric thinning; 

Tassara et al., 2006; Beck et al., 2015), and tectonic (e.g., basin inversion; Marrett et al., 1994; 

DeCelles et al., 2015b) observations, especially in the Puna. 

The Western Cordillera was uplifted to its modern elevations during the early-middle Miocene 

(26-16 Ma) in response to magmatic addition (Farías et al., 2005; Saylor and Horton, 2014). 

The Eastern Cordillera reached its modern elevations over the same time period (24-10 Ma) 

due to lithospheric foundering following tectonic shortening (Leier et al., 2013; Carrapa et al., 

2014). From the Oligocene till the middle Miocene (16 Ma), the Altiplano was a low-elevation 

hinterland basin flanked by two high-relief cordilleras (Garzione et al., 2017; Martinod et al., 

2020). Diachronous surface uplift in the Altiplano due to lithospheric foundering then became 

widespread (Garzione et al., 2006, 2014; Kar et al., 2016). Lower crustal flow and magmatic 

addition can also account for localized uplift in the Altiplano (Eichelberger et al., 2015; Perkins 

et al., 2016; Garzione et al., 2017).  
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South of ~22-23°S, the Puna plateau exhibits a much earlier uplift history compared to that of 

the Altiplano, with much of its modern elevations achieved at 40-38 Ma and negligible surface 

uplift detected since 10 Ma (Canavan et al., 2014; Carrapa et al., 2014; Quade et al., 2015). 

Geophysical data, however, show that foundering events under most of the Puna are recent 

(<12 Ma), and progress southward to their current position at ~25-27°S (Beck et al., 2015; 

Ward et al., 2017). The southward age progression of lithospheric foundering events beneath 

the Puna is associated with extreme rates of silicic volcanic activity related to conspicuous 

thermal anomalies ascending from the mantle (Ward et al., 2017; de Silva and Kay, 2018). 

2.3.3. Ignimbrite volcanism 

Large volume and high-flux silicic volcanism occurs throughout much of the Central Andes 

(~13-30°S) (de Silva et al., 2006; Kay et al., 2010; Freymuth et al., 2015) (Fig. 2.4). In 

particular, between 21° and 24°S, an ignimbrite province active between 11 and 1 Ma 

comprises a cumulative Dense Rock Equivalent (DRE) volume of ~12,800-15,000 km3 over 

an area of ~55,000-70,000 km2, known as the Altiplano-Puna Volcanic Complex (APVC; de 

Silva, 1989; de Silva et al., 2006; Salisbury et al., 2011) (Fig. 2.4). Beneath the APVC, a zone 

of partial melt has been geophysically-imaged at mid-to-upper crustal depths (~10-30 km): the 

Altiplano-Puna Magma (or Mush) Body (APMB), which represents the remnant intrusive 

equivalent of the APVC volcanics (Chmielowsky et al., 1999; Ward et al., 2014; Pritchard et 

al., 2018) (Fig. 2.4). The APVC attained its climax between 4.5 and 3 Ma, producing >4,000 

km3 of DRE magma (de Silva and Gosnold, 2007; Salisbury et al., 2011; Burns et al., 2015; 

Kern et al., 2016). The latest expression of the APVC consists of scattered and isolated silicic 

domes, younger than ~120 ka (de Silva et al., 1994; Watts et al., 1999; Tierney et al., 2016). 
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Figure 2.4. The late Cenozoic Central Andean Volcanic Province (CAVP) (black striped region). The red zones 

enclose the surficial projection of the main mid-to-upper crustal partial melt bodies identified in the region 

according to Ward et al. (2017). LFMB = Los Frailes magma body, APMB = Altiplano-Puna magma body, LMB 

= Lazufre magma body, CGMB = Cerro Galán magma body, IMB = Incahuasi magma body, and IBMB = 

Incapillo-Bonete magma body. The main ignimbrite provinces in the region are shown as blue contours; APVC 

= Altiplano-Puna Volcanic Complex (APVC) (de Silva, 1989). Yellow triangles correspond to the Pliocene and 

younger volcanoes of Siebert et al. (2010). Digital elevation model used as a background image follows a 

greyscale colour scheme: the whiter the pixel, the higher the elevation. 
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The timing of the main magmatic pulse of the APVC is part of a regional-scale southward 

younging trend (Freymuth et al., 2015; Brandmeier and Wörner, 2016). In fact, from north to 

south, large volume ignimbrite-forming eruptions occurred at 25-22 Ma (Nazca ignimbrite, 

~14.5°S; Thouret et al., 2007), 23-19 Ma (Oxaya ignimbrite, ~18.5°S; Wörner et al., 2000), 9-

5 Ma (Los Frailes ignimbrite, ~19.5°S; Barke et al., 2007), 4.2-3.8 Ma (Atana ignimbrite, 

~23°S; Lindsay et al., 2001a), and 2.13-2.06 Ma (Cerro Galán ignimbrite, ~26°S; Kay et al., 

2011). The pattern tracks the southward passage of the JFR throughout this region (Kay and 

Coira, 2009; Freymuth et al., 2015; Brandmeier and Wörner, 2016; de Silva and Kay, 2018). 

In the Central Andes the onset of large-volume ignimbrite activity was preceded by a 5-10 Myr 

pulse of accelerated foreland shortening. This resulted from a transient slab shallowing as the 

oceanic ridge was subducted (Beck et al., 2015; Freymuth et al., 2015; Brandmeier and Wörner, 

2016). 

Large-volume ignimbrite activity in the region is explained as follows. Fluids released from 

the Nazca plate during a slab shallowing event hydrate and weaken the lower lithosphere 

(James and Sacks, 1999; Porter et al., 2012; Hiett et al., 2021). This favors continental 

shortening and triggers a craton-ward advance of the deformation front (James and Sacks, 

1999; McQuarrie et al., 2005). Once normal subduction resumes, hot asthenosphere material 

rises into and enlarges the mantle wedge, promoting decompression melting. This advects heat 

to melt the hydrated lower lithosphere (James and Sacks, 1999; Kay and Coira, 2009). In 

regions affected by lithospheric foundering, larger melting events occur as asthenosphere-

derived magmas interact with a freshly exposed new crustal base (Kay and Coira, 2009; Ramos 

and Folguera, 2009; O’Driscoll et al., 2012; Martinod et al., 2020). Seismicity patterns confirm 

the presence of hot asthenosphere domains and removed lithospheric blocks under the region 

(Calixto et al., 2013; Liang et al., 2014; Beck et al., 2015). 

Different crustal thicknesses at the time of slab re-steepening have been proposed to explain 

contrasting ignimbrite volumes for the 14-22°S and 22-26°S segments of the Central Andes 

(Freymuth et al., 2015; Brandmeier and Wörner, 2016). The small volume of 24-13 Ma 

ignimbrites at 14-22°S is associated with thin/cold crust, whereas the large volumes erupted at 

10-2 Ma (22-26°S) indicate a thermally mature (i.e., thick and hot) crust (Freymuth et al., 2015; 

Brandmeier and Wörner, 2016). 
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2.3.4. Tectono-magmatic evolution 

Magmatism in the Central Andes began at 190-180 Ma (Rogers and Hawkesworth, 1989; 

Parada et al., 2007) or even earlier (Jara et al., 2021a,b). Its record is related to a multi-stage 

tectonic evolution whose earliest components suggest a protracted transtensional regime and 

crustal thicknesses of ~30-35 km (Scheuber and González, 1999; Charrier et al., 2007; Jara et 

al., 2021b). Most of this early magmatism took place in the present-day Coastal Cordillera as 

an extrusive-intrusive sequence, and migrated eastward during the Early-Late Cretaceous (110-

100 Ma; Dallmeyer et al., 1996; Seymour et al., 2020; Jara et al., 2021a), concurrent with the 

onset of widespread Andean shortening (Mpodozis et al., 2005; Charrier et al., 2007). The new 

magmatic arc formed in the current Precordillera in the Late Cretaceous (~80 Ma), firstly in an 

extensional regime and from ~45 Ma in a transpressive setting. Geochemical data from this 

mainly Paleogene magmatic arc suggest crustal thickening from ~30-35 to ~45 km (Haschke 

et al., 2002; Mamani et al., 2010). The switch to a transpressive tectonic regime favored mid- 

and upper-crustal magma accumulation and the generation of the main porphyry cooper belt of 

the Central Andes (Sillitoe and Perelló, 2005; Mpodozis and Cornejo, 2012). 

Minor magmatic activity occurred in the region during the Eocene-Oligocene as consequence 

of the flat slab event (Trumbull et al., 2006; Kay and Coira, 2009). In the late Eocene (~35 

Ma), the magmatic arc migrated farther inland and formed in the Western Cordillera in the late 

Oligocene (26-23 Ma) (Sébrier and Soler, 1991; Charrier and Reutter, 1994). The transpressive 

tectonic regime identified after ~45 Ma gradually gave way to a roughly horizontal 

compression perpendicular to the orogen (Sébrier et al., 1985; Mercier et al., 1992), which 

thickened the crust from ~45 km to >60 km (Mamani et al., 2010; Garzione et al., 2017). A 

strike-slip component began in the mid-Miocene, first in the Western Cordillera and then in 

the Altiplano-Puna plateau (Tibaldi et al., 2009; Giambiagi et al., 2017). The gravitational 

collapse of the Altiplano-Puna is the most likely candidate to explain this kinematic shift 

(Giovanni et al., 2010; Giambiagi et al., 2016). The orogenic collapse also caused a rotation of 

the shortening azimuths in the foreland, making it roughly perpendicular to the Andean front 

at any given latitude (Heidbach et al., 2008; Assumpção et al., 2016). 

The arrival of the JFR during the lower-middle Miocene seems to have caused a southward-

younging magmatic hiatus (James and Sacks, 1999; Kay and Coira, 2009). The passage of the 

ridge was followed by a broad event of renewed magmatism from the Western Cordillera to 

the western foothills of the Eastern Cordillera during the middle-upper Miocene (Allmendinger 
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et al., 1997; Trumbull et al., 2006) (Fig. 2.5). This magmatic broadening event was 

concentrated along several regional-scale NW-SE trending lineaments, especially south of 

~20°S (Coira et al., 1993; Petrinovic et al., 2017). The kinematic shift from compression to 

strike-slip in the Altiplano-Puna reactivated several of these lineaments as left-lateral 

transtensive/transpressive fault zones (Schoenbohm and Strecker, 2009; Daxberger and Riller, 

2015). 

During the upper Miocene-Pliocene, an additional migration of the magmatic arc occurred in 

the ~25-28.5°S segment, possibly related to an episode of forearc subduction erosion (Kay and 

Mpodozis, 2002; Kay et al., 2013), whereas in the ~28.5-33°S segment the arc widened with 

volumetrically minor activity spanning several hundred kilometres, signalling the onset of the 

Pampean flat slab (Kay and Abruzzi, 1996; Kay et al., 1999). In the Puna, the lithospheric 

foundering events suggested since 12 Ma triggered the onset of both weak extension and back-

arc mafic magmatism (Zhou et al., 2013; Schoenbohm and Carrapa, 2015). Since 6 Ma, a 

westward narrowing of the magmatism back to the Western Cordillera occurred in the ~20-

26°S segment. This is attributed to a gradual steepening of the subduction zone (Allmendinger 

et al., 1997; Trumbull et al., 2006) (Fig. 2.5). 

Unlike the magmatic broadening event, back-arc mafic magmatism focused along minor left-

lateral NNW-SSE to right-lateral NE-SW trending structures (Maro et al., 2017a; Haag et al., 

2019). These faults are either transtensive or transpressive depending on the local kinematic 

regime (Riller and Oncken, 2003; Guzmán et al., 2006; Zhou et al., 2013). Lava compositions 

mainly include medium- to high-K calc-alkaline to Ocean Island Basalt (OIB)-like basaltic 

andesites, with a few basaltic and shoshonitic rocks (Thorpe et al., 1984; Knox et al., 1989; 

Coira et al., 1993; Kay et al., 1994). Geochemistry of these suites suggest source rocks in 

variably fertile, garnet-bearing mantle zones with variable crustal contamination (Drew et al., 

2009; Murray et al., 2015; Maro et al., 2017b). Erupted compositions show a good correlation 

between higher melt fractions, thin lithosphere, and anomalously hot and shallower 

asthenosphere. This implies lithospheric foundering as the most viable driver for back-arc 

magmatism in the region (Ducea et al., 2013; Risse et al., 2013; Murray et al., 2015). 
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Figure 2.5. Radiometric ages versus longitude for different segments of latitude to illustrate differences in 

volcanic distribution in the Central Andes south of ~18°S, according to (a) Allmendinger et al. (1997), which only 

include ages related to stratovolcanoes, and (b) Trumbull et al. (2006), which include ages related to 

stratovolcanoes and ignimbrite deposits. The grey line in the middle panel in (a) exemplifies the eastward sweep 

of magmatism during the Miocene and subsequent retreat to its current position in the Western Cordillera. The 

imprint of all the late Cenozoic volcanic activity is shown in Fig. 2.4. Figures modified from Allmendinger et al. 

(1997) and Trumbull et al. (2006). 
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2.3.5. Geophysically imaged magma bodies 

In the 1990s, high electrical conductivity highlighted an unusual mid-to-upper crustal domain 

under the Altiplano-Puna boundary (~21.5-23.5°S) (Schwarz et al., 1994), accompanied by a 

zone of high heat flow (Henry and Pollack, 1988), and extremely low shear-wave velocities 

(Schmitz et al., 1997). This domain was identified as a ~1 km-thick magma body underlying 

calderas in the Bolivia-Argentina-Chile border region (Chmielowsky et al., 1999; Zandt et al., 

2003), although further analysis revealed this zone contains interconnected andesite-dacite 

melts accumulated between 10-30 km (Ward et al., 2013; Comeau et al., 2016; McFarlin et al., 

2018). This partially molten zone was labelled to as the APMB given the good correlation 

between its surficial projection and the APVC volcanics (Fig. 2.4). 

The APMB comprise an estimated volume of ~500,000 km3 (Ward et al., 2014; Gottsmann et 

al., 2017; Pritchard et al., 2018). Magmas were likely episodically accumulated in a mush zone 

that fed shallower magma reservoirs during the APVC flare-up (de Silva et al., 2006; Ward et 

al., 2014; Burns et al., 2020). 

Other smaller mid-to-upper crustal partially molten zones occur throughout the region (Beck 

and Zandt, 2002; Ward et al., 2013, 2017; Pritchard et al., 2018) (Fig. 2.4). Several of these are 

accompanied by conspicuous ground deformation (Pritchard and Simons, 2002, 2004; 

Henderson and Pritchard, 2013). Mostly are located in the Puna between ~25-27.5°S at mid-

crustal depths (16-31 km), and have been grouped into the Southern Puna Magma Body 

(SPMB) (Bianchi et al., 2013; Delph et al., 2017, 2021; Ward et al., 2017). The SPMB 

comprises ~90,000 km3 and is connected with prominent recent (<2.5 Ma) volcanism in the arc 

and back-arc. 

South of ~22°S, the partially molten zones evidence a north to south decrease in their estimated 

volumes and an increase in their average depths. This would indicate that lithospheric 

foundering events have been migrating to the south as well (Ward et al., 2017; Pritchard et al., 

2018). 

A reappraisal of the volumes of the partially molten bodies such as APMB and SPMB focuses 

on estimating rates of magmatic addition to the Central Andean crust, and defining 

intrusive/extrusive ratios of continental arc magmatism. In the Central Andes, plutonic-to-

volcanic ratios can be as high as 75:1 in ignimbrite terrains (Tierney et al., 2016). However, 

the main group of estimates lie between 5:1 and 35:1 (Delph et al., 2017; Ward et al., 2017; de 
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Silva and Kay, 2018). Integrated magmatic addition rates range from 0.6·10-5 to 9.6·10-5 

km3/km of arc/yr (Baker and Francis, 1978; Francis and Hawkesworth, 1994; Pritchard and 

Simons, 2004). Magmatic addition must also factor crustal loss. Under the Puna (~21-27°S), 

lithospheric foundering and forearc subduction erosion are up to an order of magnitude higher 

than new crustal addition rates between 11 and 1 Ma, so the Puna has been a site of net crustal 

loss during the ignimbrite flare-up (de Silva and Kay, 2018). In spite of these significant 

contributions, magmatic addition rates are still loosely constrained in the region, as major 

uncertainties still exist in the derivation of erupted volumes, affecting the volume estimation 

of their intrusive underpinnings as well. 

2.3.6. Transcrustal magmatic system 

Lost crust or lithosphere can be recycled into the mantle (Stern, 1991; Kay et al., 2010; Risse 

et al., 2013), geochemically enriching the mantle source locally (Davidson et al., 1991; Goss 

et al., 2013; Robidoux et al., 2020). However, an enriched signature can also be acquired as 

magmas rise through and fractionate in the crust (Davidson et al., 1991; Kay et al., 1994, 

Mamani et al., 2010). Therefore, complex and heterogeneous enrichment processes have been 

proposed to explain the diverse geochemical signatures seen in the region (Risse et al., 2013; 

Murray et al., 2015; Maro et al., 2017b). 

The migration of magmas through the Central Andean crust has been explained by means of a 

transcrustal magmatic system (de Silva and Kay, 2018; Wörner et al., 2018). Vast volumes of 

mantle-derived magma pond beneath the crust, transferring heat by advection, generating zones 

of mixing, assimilation, storage and homogenization (MASH zones; Davidson et al., 1991). 

Mafic magmas processed in these lower-crustal MASH zones leave behind dense cumulates 

before rising to mid-crustal depths, where they pond, mix and differentiate through assimilation 

and fractional crystallization processes (AFC; Kern et al., 2016). The APMB and the SPMB 

are thought to represent such mid-crustal regions. More silicic melts ascend to the upper crust 

and accumulate in subvolcanic magma reservoirs, where they further differentiate and mix 

(Blum-Oeste and Wörner, 2016; Wörner et al., 2018). Growth of large shallow magma 

reservoirs push the brittle-ductile transition further shallower, eventually favouring 

accumulation over eruption (de Silva and Gosnold, 2007; de Silva and Kay, 2018). This 

explains the typically high plutonic-to-volcanic ratios inferred for this region, as well as 

magmatic residence periods of up to 1 Myr (Kern et al., 2016). Eruptions may be triggered by 
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mechanical failure of the crust above shallow magma chambers, with calderas strongly 

controlled by regional and local tectonics (Lindsay et al., 2001b; Petrinovic et al., 2010). 

A transcrustal magmatic system is reflected in the high abundance of andesitic and dacitic 

eruptives, highlighting the rheological filters noted in a thick orogen (Blum-Oeste and Wörner, 

2016; Wörner et al., 2018). A simple model to explain the compositional range of magmas 

erupted in the Central Andes involves mixing and mingling of: calc-alkaline basaltic andesites, 

shoshonitic basalts enriched in light Rare Earth Elements (REEs), and rhyodacite magmas 

depleted in middle-to-heavy REEs (Blum-Oeste and Wörner, 2016). Locally different mafic 

recharge regimes can explain the development of several stratovolcanoes and volcanic 

complexes in the region (Wörner et al., 2018). Low recharge rates are associated with low 

eruption rates of uniform dacites; moderate (or variable) recharge rates produce magmas 

ranging from basalts to rhyolites; and high recharge rates result in high eruption rates of basaltic 

andesites to andesites. Low recharge rates are typical of long-lived (>1 Myr) volcanic 

complexes, whereas high recharge rates are related to the construction of steep-sided 

stratovolcanoes over a few hundred thousand years (Wörner et al., 2018). 
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Chapter 3. MatHaz: a Matlab code to assist with probabilistic 

spatio-temporal volcanic hazard assessment in distributed 

volcanic fields 

This chapter introduces a new method developed to perform a spatio-temporal volcanic hazard 

assessment in regions characterized by distributed volcanism. This method was implemented 

into a Matlab code, named MatHaz, and follows a sequential approach whereby the spatial 

probability of future volcanic vents, the temporal probability of future volcanic events, and the 

hazard zones of up to five volcanic phenomena, are estimated. In this chapter, MatHaz is tested 

on a small monogenetic volcanic field in southern Chile. This chapter is published in the 

Journal of Applied Volcanology (Bertin et al., 2019). In line with this, I have used plural 

personal pronouns and possessive forms. 

3.1. Abstract 

This paper introduces an open source computer code to perform an integrated probabilistic 

spatio-temporal volcanic hazard assessment in distributed volcanic fields. The program, named 

MatHaz, is a set of Matlab scripts that follows a sequential methodology. After the user has 

provided a set of input files, this tool first estimates the spatial probability of future volcanic 

vents, then the temporal probability of future volcanic events, and finally models up to five 

volcanic phenomena (pyroclastic density currents, ballistic projectiles, lava flows, lahars, and 

tephra fallout) following a probabilistic approach. These results can be combined and depicted 

as an integrated quantitative (and/or qualitative) volcanic hazard map, with weightings of 

hazard factors chosen by the user. We illustrate the use of this tool by applying it to the Carrán-

Los Venados Volcanic Field in southern Chile. The open-source, replicable, and user-friendly 

nature of the code allows its application to any volcanic region of the world, regardless of its 

extent, type, and amount of volcano-structural data. 

3.2. Introduction 

At present, apart from analyses of vent location and/or onset time of eruption, few volcanic 

hazard assessments in volcanic fields have dealt with the distribution of specific eruptive 

hazards. This strong bias towards spatial and temporal assessments is mainly due to the 

difficulty in addressing, in a single assessment, the multiple volcanic phenomena that might be 

produced by any subsequent eruption. Some attempts concentrate on a single volcanic 
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phenomenon, mainly pyroclastic density currents (PDCs; Sandri et al., 2012; Neri et al., 2015) 

and lava flows (Connor et al., 2012; Gallant et al., 2018); there are very few studies that have 

included several volcanic phenomena (Alcorn et al., 2013; Bartolini et al., 2014, 2015; Becerril 

et al., 2014, 2017; Sandri et al., 2014). Integration of multiple hazards into a single map has 

only been carried out qualitatively (or in one-off scenario events), because a quantitative 

procedure for hazard integration has been lacking. 

There is much past work on estimating the distribution of volcanic phenomena via computer 

modeling. Indeed, the volcanological literature includes numerous analytical, empirical and 

numerical models that simulate, with strongly varying degrees of detail and sophistication, 

specific volcanic phenomena. In general, the more sophisticated the model is, the longer the 

execution times. This is a challenge for hazard assessment in volcanic fields where there are 

many potential vents, adding an extra complexity, so that a strategy to adequately (and timely) 

assess multiple volcanic phenomena is desirable. This strategy places a premium on simplified 

models that are easy to manage and replicate and quick to execute, acknowledging that by 

meeting these conditions model resolution is lost. 

In order to address the challenge of assessing hazard in volcanic fields, this paper introduces 

an open source computer code, named MatHaz, developed to carry out an integrated 

(quantitative and/or qualitative) spatio-temporal volcanic hazard assessment for multiple 

volcanic phenomena. The way in which this model works can be summarized in three 

sequential steps. The first step combines all the volcano-structural data provided by the user 

and produces a map of spatial density of vent-location. The second step performs a temporal 

probability analysis with the eruptive record provided by the user, combining it with the spatial 

analysis to generate maps showing the probability of vent opening within specific time 

intervals. The third step separately models up to five volcanic phenomena (PDCs, ballistic 

projectiles, lava flows, lahars, and tephra fallout) based on the spatio-temporal analysis. All 

these results can be merged into a volcanic hazard map that displays the probability that a 

specific area is affected by any of the modeled volcanic processes in a specific time interval. 

Our sequential approach is implemented in Matlab, enabling ease of use (compared to compiled 

codes) and replication. Being an open source code, the user can test and modify the files at any 

step, either to include other models or to migrate its routines to other programming languages. 

The intended users of MatHaz are researchers who need to make hazard maps for volcanic 

fields, in order to either provide a regional context for hazards, or to rapidly develop a broad 
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perspective on the hazards. This means that unlike other hazard simulation codes, MatHaz has 

not been developed to model the physics of volcanic eruptions and their products, or to model 

the details of specific eruptive scenarios. 

Here, we introduce the model and illustrate its use by applying it to the Carrán–Los Venados 

Volcanic Field, a well-studied volcanic field in southern Chile. 

3.3. Background 

3.3.1. Distributed volcanism 

Volcanic regions characterized by distributed volcanism are common on Earth. Volcanic 

activity in these regions frequently consists of individual (i.e., monogenetic), basaltic to 

basaltic andesitic, small-volume (<1 km3) eruptions, characterized by episodic periods of 

activity that can last up to several years (Németh, 2010; Kereszturi et al., 2013; Le Corvec et 

al., 2013; Valentine and Connor, 2015). Over time these eruptions tend to form volcanic fields, 

built of scoria cones, maars, tuff cones, tuff rings, small shields and/or lava flows (Valentine 

and Gregg, 2008; Valentine and Connor, 2015). The life span of a distributed volcanic field 

can cover millions of years, suggesting recurrence rates on the order of 10-4-10-5 events/year, 

very low compared to the frequencies of eruptions at individual composite volcanoes (Németh, 

2010; Kereszturi et al., 2013; Valentine and Connor, 2015). Hence, every new eruption is a 

rare phenomenon (Connor et al., 2018), so is typically treated in temporal hazard models using 

a renewal process based on the history of past eruptions (Bebbington and Cronin, 2011). A 

greater challenge is forecasting the location of future events in volcanic fields, because they 

frequently occur in completely new locations, often unrelated to time-sequence (Bebbington 

and Cronin, 2011; Connor et al., 2018). For this reason, over the last 50 years several 

probabilistic and geological approaches have been applied to forecast the location, timing, type, 

and impacts/effects of future volcanic events in distributed volcanic fields. 

3.3.2. Spatial, temporal, and volcanic hazard assessments 

Spatial analyses for modeling possible locations of future volcanic events in regions of 

distributed volcanism have usually been carried out via kernel density estimation (Connor et 

al., 2018, and references therein). This is a non-parametric statistical method for estimating the 

probability density function (PDF) of a distributed sample (e.g., volcanic vents) in which the 

statistical parameters that rule it are unspecified. In volcanology, the most frequently used 
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kernel functions are the radially symmetric (i.e., isotropic) and the elliptical (i.e., anisotropic) 

Gaussian kernels (Connor et al., 2012, and references therein). Both assume that the volcanic 

region has no boundaries, which is hard to reconcile with geological and/or geophysical 

evidence in some volcanic fields supporting a tectonic, magmatic or lithological control on the 

distribution of the volcanic vents (Connor et al., 2000; Martin et al., 2004; Germa et al., 2013; 

Deng et al., 2017). 

Many models share an approach that recognises that inter-event variability lies generally within 

the constraints of long-term patterns in time, space, and style exhibited over the history of a 

volcanic field (Connor et al., 2015, and references therein). However, this is only reliable if 

long records are known, if dating is good, and if there are stable tectonic/volcanic conditions. 

In many cases, strongly time-variant behaviour occurs, which may affect frequency, location, 

and size of eruptions (Bebbington and Cronin, 2011). In consequence, forecasting the rate of 

activity in volcanic fields can be a difficult task to accomplish (Bebbington and Cronin, 2011; 

Runge et al., 2014; Richardson et al., 2017a). A comprehensive review is provided by 

Bebbington (2012), who grouped several classes of stochastic models into three categories: 

stationary, stationary with covariates, and non-stationary models, depending on how the 

intensity of the volcanic process varies with time. For volcanic fields with low recurrence rates 

(e.g., Auckland Volcanic Field, ~10-4 events/year; Bebbington and Cronin, 2011), or scarce 

temporal data (e.g., Harrat Al-Madinah; El Difrawy et al., 2013), it is usually assumed that the 

temporal component of the hazard assessment is independent of the spatial component 

(Bebbington, 2013, 2015). Following this assumption, a long-term average recurrence rate (a 

stationary model) can be calculated for the whole field based on the number of events over a 

specific time interval, which has been a common approach for several volcanic fields (e.g., El 

Difrawy et al., 2013; Runge et al., 2014; Bartolini et al., 2015; Gallant et al., 2018; Nieto-

Torres and Martin Del Pozzo, 2019). 

Several techniques to integrate multiple background data have been developed during the last 

few years (e.g., Cappello et al., 2012, 2013; Alcorn et al., 2013; Becerril et al., 2013; 2014, 

2017; El Difrawy et al., 2013; Bartolini et al., 2014, 2015; Gallant et al., 2018; Jiménez et al., 

2018). Most of these approaches apply a similar statistical treatment of the available volcano-

structural information resulting in spatial density maps showing the probability of vent 

location. In general, only the results obtained after the spatial analysis have been used as inputs 

for any subsequent volcanic hazard assessment, mainly because a temporal analysis was not 

conducted, and if it was, its results were not combined with those of the spatial analysis. In 
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these studies the simulated volcanic processes have been restricted to: PDCs, lava flows, lahars 

and tephra fallout, i.e., ballistic projectiles are absent. Finally, in cases where the modeling 

results are combined, this has been done either via superposition or following a qualitative 

procedure for which the methodology has not been clearly stated. 

3.3.3. Existing models and research gaps 

A single package allowing the modeling of several volcanic processes for distributed volcanism 

was previously attempted in a Geographical Information System (GIS) framework (Felpeto et 

al., 2007). This tool, named VORIS, is able to determine the spatial probability of vent opening 

and to simulate lava flows, PDCs, and tephra fallout. The program has to be loaded as a toolbar 

in ArcMap (up to version 9.3) and a complete user’s guide is provided. VORIS was a pioneer 

initiative in including different simulation tools in a single framework and it is still frequently 

used in volcanic hazard assessments (e.g., Alcorn et al., 2013; Bartolini et al., 2015; Becerril 

et al., 2017). However, this program assumes a unique scalar bandwidth for the spatial 

probability analysis, does not perform a temporal analysis, does not model either ballistic 

projectiles or lahars, and it is not possible to combine hazards into an integrated map. The code 

is not open access and therefore editing and testing of the program are not possible. 

The QVAST tool (Bartolini et al., 2013) goes a step further in terms of estimating the spatial 

probability of vent opening. This is a Quantum GIS (QGIS) plugin useful for estimating the 

spatial density of future volcanic vents based on volcano-structural data. The program is able 

to use different methods to calculate the bandwidth of every volcano-structural dataset, after 

which each probability map is weighted and combined into a single spatial density map. Its 

main advantages are its user-friendly interface and its development for the free and open-source 

geographic information system QGIS. However, QVAST mainly works with scalar bandwidths 

and the user cannot access the code. It also requires other tools to perform temporal and 

individual hazard analyses, so it has been commonly coupled with the VORIS tool for volcanic 

hazard assessments (e.g., Bartolini et al., 2015, Becerril et al., 2017; Jiménez et al., 2018). 

More recently, some computer codes have been uploaded to the GitHub hosting service 

(https://github.com/geoscience-community-codes). This platform allows the user to conduct a 

spatial probability analysis of vent opening as well as to simulate lava flows (MOLASSES tool; 

Richardson et al., 2017b), PDCs (Energy cone model; Malin and Sheridan, 1982), and tephra 

fallout (Tephra2 code; Bonadonna et al., 2005a). Unlike VORIS and QVAST, the user can 
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freely access these codes. Some advantages are that, in the spatial probability analysis, the code 

automatically runs the scripts for obtaining the bandwidths, and that simulations for each 

volcanic process can be run online. Some drawbacks are their different programming languages 

for different volcanic processes (i.e., integration is not possible), the inability to model either 

ballistic projectiles or lahars, and that the user cannot upload anything, including topography. 

3.4. Mathaz code 

MatHaz consists of six files written in Matlab. To start the program, the file Mathaz.m has to 

be run in the Matlab command window. A flowchart describing MatHaz is shown in Fig 3.1. 

The first operational step of MatHaz is to decide on the analysis type: probabilistic spatial, 

spatio-temporal or volcanic hazard assessment. A full probabilistic spatio-temporal volcanic 

hazard assessment includes a base step and three sequential steps, each of which has to be run 

separately. The base step (called here ‘Step 0’; Fig. 3.1a), loads the file Mathaz0.m and 

generates several text files (.txt extension) based on the volcano-structural data provided by the 

user, which then have to be loaded individually into the statistical program R and their results 

noted in the file MatHazR.m. The first step (‘Step 1’; Fig. 3.1b) loads the file Mathaz1.m, reads 

the file MatHazR.m, and produces a spatial density map by estimating the probability of vent 

opening. The second step (‘Step 2’; Fig. 3.1c) loads the file Mathaz2.m and performs a temporal 

probability analysis, generating a spatio-temporal map showing the spatial probability of vent 

opening within a specific time interval. The third step (‘Step 3’; Fig. 3.1d) loads the file 

Mathaz3.m and models separately PDCs, ballistic projectiles, lava flows, lahars, and tephra 

fallout based on the spatio-temporal analysis. Finally, these results can be merged, 

quantitatively and/or qualitatively, into a probabilistic volcanic hazard map showing the 

probability that a specific area is affected by any volcanic process over a specific time interval. 

In MatHaz, the spatial density analysis is based on the kernel density estimation method, whose 

theoretical framework is found in Appendix 1. 

This computer code is tested using the Carrán-Los Venados Volcanic Field in southern Chile. 

For this example, five volcano-structural datasets were acquired from the geological 

knowledge of the area (Additional file 3.1). Local topography was based on an Advanced 

Spaceborne Thermal Emission and Reflection Global Digital Elevation Model v2, with a 

spatial resolution of ~30 m for the study area and a vertical accuracy of 17 m within the 95% 
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confidence interval (Gesch et al., 2011), from which a topographic matrix of 50x40 km with a 

pixel size of 100 m was extracted (Additional file 3.2). 

The following section presents a brief geological summary of the Carrán-Los Venados 

Volcanic Field, focused on its eruptive record as well as the derivation and justification of each 

volcano-structural dataset used here. The subsequent section describes the application of 

MatHaz to this volcanic field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Flowchart depicting the procedure for a full probabilistic spatio-temporal volcanic hazard assessment. 

(a) Step ‘0’ (Data files for R) and Step ‘0.5’ (R). (b) Step ‘1’ (Spatial probability analysis). (c) Step ‘2’ (Temporal 

probability analysis). (d) Step ‘3’ (Probabilistic volcanic hazard analysis) and Step ‘3.5’ (Integration). White 

rectangles show all the commands, files and products/subproducts created for each step. Grey rectangles depict 

the outputs of each step that will be used as inputs for any subsequent step. Solid lines with arrows are shown 

where the program performs the routine automatically. Dashed lines with arrows are shown where the user has to 

define the input parameters. 
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3.5. Case-study: Carrán-Los Venados volcanic field 

3.5.1. Geological background 

The Carrán–Los Venados Volcanic Field (centered at 40.37˚S, 72.14˚W; 300 m a.s.l.), hereafter 

CLV, is a volcanic cluster located in Chile, in the central segment of the Southern Volcanic 

Zone (SVZ) of the Andes (Fig. 3.2). 

CLV consists of at least 64 scoria cones and maars, with ages from the late Pleistocene to three 

recent events in 1907, 1955, and 1979. Vents are aligned in a general ENE orientation, and 

some are associated with 14 to <1 km-long lava flows and/or up to 6 km-long PDC deposits, 

spanning an area of about 160 km2. 

The local basement consists of Paleozoic to Miocene intrusive, metasedimentary, and volcano-

sedimentary rocks (Campos et al., 1998; Rodríguez, 1999). The northern boundary of the CLV 

is marked by the Los Guindos stratovolcano, and the southern boundary by products from the 

Mencheca, Cordillera Nevada, and Cordón Caulle volcanic complexes, all mid-to-late 

Pleistocene in age (Campos et al., 1998; Lara and Moreno, 2006). The early history of the CLV 

is poorly known, since much of the area was covered by glaciers as recently as ~17 ka (Moreno 

et al., 2015), so the volcanic record is more reliable in post-glacial times (Bertin et al., 2018; 

Bertin and Moreno, in prep.). The earliest product of the CLV is a basaltic lava that fills the 

Nilahue river valley for about 14 km, reaching Ranco Lake (Bertin et al., 2018). After this 

effusive episode, at least 70 basaltic to basaltic andesitic eruptive events have been identified, 

producing tephra fallout, pyroclastic surges, ballistic ejecta, rain-triggered lahars, and/or short 

(up to 3 km long) lava flows (Bertin et al., 2018; Bertin and Moreno, in prep.). 

The CLV area is cut by the main trace of the NNE-trending Liquiñe-Ofqui Fault Zone (LOFZ). 

This is a 1,200 km-long, transpressional dextral strike-slip fault system that dominates the intra-

arc region between 38˚ and 47˚S (Cembrano et al., 1996; Rosenau et al., 2006). This fault zone 

has strongly influenced volcanic activity for the last ~6 Ma (Cembrano and Lara, 2009). Further 

local-scale NW-striking fault zones are documented in this area (Campos et al., 1998; Lara et 

al., 2006), interpreted as crustal-scale weaknesses associated with ancient faults that reactivated 

as sinistral-reverse strike-slip faults during arc development (Lara et al., 2006; Rosenau et al., 

2006; Glodny et al., 2008; Lange et al., 2008). In addition, an ENE-trending system of small 

faults is inferred based on morphologic lineaments (Bucchi et al., 2015). Although the 

kinematics of these features are not well constrained, the orientation of the ENE system 
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suggests extension under the current stress field (cf. Cembrano and Lara, 2009). The three 

modern vents are located close to where these ENE lineaments intersect the main trace of the 

LOFZ (Bucchi et al., 2015). 

Figure 3.2. Location map of the CLV at 1:1,000,000 scale. Red triangles outside the CLV indicate other active 

Chilean volcanoes. Inset shows the location of the figure with respect to the main volcanic segments of the Andes, 

as well as the main tectonic structures, drawn at 1:30,000,000 scale. 
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3.5.2. Volcano-structural datasets 

3.5.2.1. Volcanic vents 

Sixty four volcanic vents are identified in the CLV (Fig. 3.3a; Bertin et al., 2018; Bertin and 

Moreno, in prep.), mainly consisting of scoria cones and maars. In parallel, up to 70 eruptive 

events, mainly strombolian and phreatomagmatic, have been described to date and proposed to 

be related to CLV activity (Bertin et al., 2018). This suggests that some vents may have either 

erupted more than once and/or been buried by subsequent eruptions (e.g., Wetmore et al., 

2009), by sedimentation (e.g., George et al., 2015), or overlooked during mapping. Due to lack 

of further evidence, it was assumed in our test case that every volcanic vent represents a single 

event. 

Twenty nine eruptive events attributed to the CLV are 14C dated (Bertin et al., 2018, and 

references therein). The best-exposed eruptions have been tentatively linked to specific vents 

based on their distribution and facies (Bertin et al., 2018). We combined these data with a 

preliminary morphological assessment to make a first-order estimation of the absolute age of 

every vent (cf. Nieto-Torres and Martin Del Pozzo, 2019). Hence, every vent was assigned an 

absolute age (with no age uncertainties) noted as years before 2019. Although we acknowledge 

that a more sophisticated treatment of the age data (e.g., including age uncertainties; Connor et 

al., 2013) should be followed if a probabilistic hazard assessment is envisioned, this approach 

was deemed adequate for the purposes of our case application. 

3.5.2.2. Thermal anomalies 

In active volcanic areas, the presence of hot water ponds, heated ground and/or fumarolic 

activity can reflect heating of shallow aquifers from magma at depth (Goff and Janik, 2000; 

Eppelbaum et al., 2014). These geothermal fluid sources can be further disturbed by shallow 

magmatic intrusions, leading to phreatomagmatic or phreatic eruptions (Germanovich and 

Lowell, 1995; Valentine et al., 2014). The ample evidence for phreatomagmatic eruptions at 

CLV (Bertin et al., 2018) suggests that the identification of thermal anomalies can be used to 

estimate the location of future volcanic activity (Bartolini et al., 2014). 

Geothermal field studies conducted in the zone have identified a single area of hot water ponds 

(up to 60˚C), located a few kilometres east of the main trace of the LOFZ (Lemus et al., 2015, 

and references therein). In parallel, thermal infrared remote sensing analyses based on satellite 

imagery (spatial resolution of ~90 m) have found that this whole volcanic region has thermal 

anomalies with temperatures higher than 3˚C (Lemus et al., 2015). Taking this into account, 
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only those pixels with anomalies in temperature higher than 10˚C were considered in a recent 

hazard assessment by Bertin et al. (2018) and used in this study, which results in 52 hotspots 

(Fig. 3.3b). 

3.5.2.3. Earthquake epicentres 

Seismic analyses at CLV started in 2007 with initially four broadband stations (two near-field 

and two far-field). In 2011 new stations were added due to the explosive eruption of the 

neighbouring Cordón Caulle volcano (Bertin et al., 2015). Currently, eight near-field and two 

far-field seismic stations monitor in real time this volcanic field. According to the Chilean 

Geological and Mining Survey (SERNAGEOMIN), five volcano-tectonic events per month 

have been recorded in average, with local magnitudes (ML) of up to 3.1 and depths between 2 

and 10 km (Bertin et al., 2018). 

Seismic events are mainly concentrated along the main trace of the LOFZ and some other 

lineaments, suggesting that they are caused by brittle failure or shear fracture along tectonic 

fault planes. As these structures represent zones of weakness, they can be potential magma 

pathways, especially if they are seismically active (Cembrano and Lara, 2009). Consequently, 

volcano-tectonic events can highlight those fault segments that are active at present (Cappello 

et al., 2012). In our CLV case, the epicentres of all >ML 0.1 seismic events with depths <5 km 

and recorded after 2010 were selected for our application, which results in 27 events (Fig. 3.3c). 

3.5.2.4. Faults, fractures and lineaments 

Every fault, fracture and lineament on previously published geological maps (Campos et al., 

1998; Lara and Moreno, 2006; Bertin and Moreno, in prep.) was collated into a central database 

of 82 structures (Fig. 3.3d). Structure lengths vary between 300 m and 19 km and follow three 

main orientations: N-S, NE-SW, and NW-SE. The N-S-trending structures form part of the 

transpressional dextral strike-slip LOFZ, the NW-SE-trending features are sinistral-reverse 

strike-slips faults, and the NE-SW-trending structures are normal faults with a strike-slip 

component, i.e., transtensional faults. 
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Figure 3.3. Volcano-structural data considered in the spatial probability analysis for the CLV. (a) Volcanic vents 

(white triangles indicate the location and age of historical eruptions). (b) Thermal anomalies. (c) Earthquake 

epicentres. (d) Faults, fractures and lineaments. (e) Eruptive fissures. Each map is drawn at 1:400,000 scale. 

 

3.5.2.5. Eruptive fissures 

Eruptive fissures were mapped by classifying volcanic vents with the morphometric criteria of 

Corazzato and Tibaldi (2006). In our test case it was assumed that overlapping and 

superimposed cones are the surficial expression of eruptive fissures (Corazzato and Tibaldi, 

2006, and references therein), which may display the same direction as their related feeder 
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dikes (Becerril et al., 2013; Tadini et al., 2014). Field mapping indicates that long-runout lava 

flows filling the Nilahue river valley were fed by fissures (Bertin et al., 2018; Bertin and 

Moreno, in prep.). In addition, the 1979 eruption began as a fissure (Moreno, 1980). 

Collectively, 80 eruptive fissures are identified, most of which trend E-W (Fig. 3.3e). 

All volcano-structural datasets were processed in ArcMap with a Universal Transverse 

Mercator (UTM) projection. For point data (i.e., volcanic vents, thermal anomalies, and 

earthquake epicentres), northing and easting coordinates were extracted. For line data (i.e., 

structures and eruptive fissures), starting and ending coordinates were noted. Finally, all these 

layers were then exported to an Excel file in which each dataset was assigned to a separate 

sheet (Additional file 3.1). 

3.6. Method and results 

3.6.1. Step 0: Data files for R 

The base step of MatHaz loads the volcano-structural file and generates text files based on 

these data. For the processing of point data, the code reads and rewrites each sheet as a text 

file. For the processing of line data, the program calculates both lengths and azimuths of every 

line. Later on, it defines a parameter called ds, which is the pixel size of the topographic matrix. 

It then calculates a variable called steps by dividing every line’s length by ds, and defines dx 

and dy based on every line’s unit projection. All these calculations can be written as: 

 𝑑𝑙 = √(𝑥1 − 𝑥𝑛)2 + (𝑦1 − 𝑦𝑛)2 (3.1) 

 𝜃𝑙 = 𝑎𝑡𝑎𝑛 (
𝑥𝑛 − 𝑥1
𝑦𝑛 − 𝑦1

) (3.2) 

 ∆ =  [
𝑑𝑙
𝑑𝑠
] (3.3) 

 𝑑𝑥 =  |sin 𝜃𝑙| (3.4) 

 𝑑𝑦 =  |cos 𝜃𝑙| (3.5) 

Where (𝑥1, 𝑦1) and (𝑥𝑛, 𝑦𝑛) are a line’s starting and ending coordinates, respectively, 𝑑𝑙 and 

𝜃𝑙 are a line’s length and azimuth, respectively, 𝑑𝑠 is the pixel size, ∆ is the steps parameter 

(where [ ] is the nearest integer function), and 𝑑𝑥 and 𝑑𝑦 are the line’s unit projection. 

Once these parameters are obtained for every line, the program performs the following 

iteration: 
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 𝑥𝑚+1 = {
𝑥𝑚 + 𝑑𝑠𝑑𝑥 ⇔ 𝑥𝑚 < 𝑥𝑛
𝑥𝑚 − 𝑑𝑠𝑑𝑥 ⇔ 𝑥𝑚 > 𝑥𝑛

    ⇔ 1 ≤ m ≤ ∆ (3.6) 

 𝑦𝑚+1 = {
𝑦𝑚 + 𝑑𝑠𝑑𝑦 ⇔ 𝑦𝑚 < 𝑦𝑛
𝑦𝑚 − 𝑑𝑠𝑑𝑦 ⇔ 𝑦𝑚 > 𝑦𝑛

    ⇔ 1 ≤ m ≤ ∆ (3.7) 

Where (𝑥𝑚, 𝑦𝑚) are the starting coordinates of the m-th segment of a line. 

The above procedure is performed in order to split every line in a consistent way throughout 

the entire dataset. That is, the longer the line is, the more segments it is split into, and the more 

it will contribute to the final kernel. Faults, fractures, lineaments and fissures are managed in 

the same way, and they are grouped according to their azimuths into N-S, NE-SW, NW-SE, 

and E-W structures. Therefore, the ‘Step 0’ produces at most seven text files. The user can edit 

the code to include any other spatial feature considered important and/or to remove those that 

are absent or not relevant. All these datasets are also saved as matrices for the first step of the 

program. 

3.6.2. Step 0.5: R 

The performance of a kernel density estimation strongly depends on the bandwidth selection 

(Duong, 2005). In the bi-dimensional case, the bandwidth matrix controls both the degree and 

direction of smoothing (i.e., orientation and rate of change of the spatial density with distance 

from events), so its selection is not straightforward. A widely used way for finding an optimal 

bandwidth matrix is through the R package ‘ks’ (Duong, 2018, and references therein)1. 

There are many methods to estimate an optimal bandwidth matrix, which can be grouped into 

normal-scale (�̂�𝑁𝑆), normal-mixture (�̂�𝑁𝑀), plug-in (�̂�𝑃𝐼), and cross-validation (least-squares, 

�̂�𝐿𝑆𝐶𝑉 ; biased, �̂�𝐵𝐶𝑉 ; smoothed �̂�𝑆𝐶𝑉 ) selectors (Duong, 2018, and references therein). An 

important issue is how fast they converge to the AMISE-optimal bandwidth matrix, which 

depends on both the sample size and the dimension of the matrix (Duong, 2005). As the sample 

size is fixed for every dataset and its dimension is 2, the fastest bandwidths in terms of 

convergence are: �̂�𝑃𝐼 with AMSE pilot (also called �̂�𝑃𝐼,𝐴𝑀𝑆𝐸), �̂�𝑃𝐼 with SAMSE pilot (also 

called �̂�𝑃𝐼,𝑆𝐴𝑀𝑆𝐸), and �̂�𝑆𝐶𝑉 (Duong, 2005). To obtain the �̂�𝑃𝐼,𝐴𝑀𝑆𝐸 bandwidth, for example, 

the routine in R is: 

 

                                                           
1 https://www.r-project.org  

https://www.r-project.org/
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library(ks) 

data <- read.table("text file location") 

bandwidth <- Hpi(x=data, pilot=”amse”) 

show(bandwidth) 

This routine must be run for every text file. Here the �̂�𝑃𝐼,𝐴𝑀𝑆𝐸 , �̂�𝑃𝐼,𝑆𝐴𝑀𝑆𝐸 , and �̂�𝑆𝐶𝑉 

bandwidths were calculated and their results noted into the MatHazR.m file. The user is free to 

choose any bandwidth estimator, but those above are recommended. 

3.6.3. Step 1: Spatial probability analysis 

Once the MatHazR.m file is populated, the user can conduct a spatial probability analysis of 

vent opening by running MatHaz again. Firstly, the user is asked what bandwidth estimator 

will be used. Then, for the vent data, a retrospective time frame (𝑇𝑟) is specified. What the code 

does with this parameter is to give weights (𝑤𝑘) to every vent 𝑘 based on its estimated age (𝑡𝑘) 

as follows: 

 𝑤𝑘 = 𝑒
−
𝑡𝑘
𝑇𝑟 (3.8) 

𝑇𝑟 is defined by default as the age of the oldest vent, but the user may choose another constant 

and another weighting function just by editing the code. Equation (3.8) means that the weight 

assigned to historical events is close to 1 (𝑡𝑘 close to 0), and the older the vent, the lower its 

weight and the less it will contribute to the final kernel. 

The spatial analysis is based on a Gaussian kernel, which has infinite support, so the resulting 

PDF reaches zero only at infinity. However, this function decreases rapidly enough to be 

negligible at large distances, so it can be cropped to a finite domain (Duong, 2005; Germa et 

al., 2013; Bebbington, 2015; Connor et al., 2018). Thus, the program increases the study area 

by ~900%, which ensures that the resulting PDF will decrease towards zero at its edges. Then, 

the program creates a 𝑚x𝑛 grid for this expanded domain using the pixel size 𝑑𝑠, and every 

coordinate obtained at the end of the ‘Step 0’ is adjusted to the pixel size. 

MatHaz works with an expanded expression of Equation (A1.5) (see Appendix 1 for 

derivation), rewritten to show the value of the kernel function in any point of a 𝑚x𝑛 grid for 
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each 𝑘 component of a bivariate sample of size 𝑆𝑞 (𝑞 being the dataset; e.g., volcanic vents, E-

W structures, etc.). That is: 

 𝑓𝐻
�̂�(𝑟𝑘) =

(𝑑𝑠)2|𝐻|−
1
2

2𝜋
∑∑𝑒−

1
2
(𝑥𝑖−𝑥𝑘; 𝑦𝑗−𝑦𝑘)

𝑇
𝐻−1(𝑥𝑖−𝑥𝑘; 𝑦𝑗−𝑦𝑘)

𝑚

𝑖=1

𝑛

𝑗=1

 (3.9) 

Where 𝑥𝑖 and 𝑦𝑗 are the northern and western coordinates of every segment of the study area, 

respectively. The (𝑑𝑠)2  term is a normalizing factor added because every coordinate was 

adjusted to a grid of pixel size 𝑑𝑠, so the integral of this function across the whole area is quite 

close to one for every 𝑘. 

Next, the program performs the following: 

 𝑓𝐻
�̂�(𝑟) =

{
  
 

  
 1

𝑆𝑞
∑𝑓𝐻

�̂�(𝑟𝑘)𝑤𝑘

𝑆𝑞

𝑘=1

⇔ q = Vents

1

𝑆𝑞
∑𝑓𝐻

�̂�(𝑟𝑘)

𝑆𝑞

𝑘=1

⇔ q = Any other dataset

 (3.10) 

Due to the assignment of different weights 𝑤𝑘 for each 𝑘 vent, the resulting PDF has to be 

normalized. The program performs all these steps automatically and the user chooses the 

graphic output. 

Subsequently, the final PDF is defined as a linear combination of the contribution of every 

dataset as follows (e.g., Martí and Felpeto, 2010; Cappello et al., 2012; Becerril et al., 2013; 

Bartolini et al., 2014; Bevilacqua et al., 2015; Galindo et al., 2016): 

 
𝑓�̂�(𝑟) = ∑𝑓𝐻

�̂�(𝑟)𝑤𝑞

𝑆𝑡

𝑞=1

 

 

(3.11) 

Where 

 ∑𝑤𝑞 = 1

𝑆𝑡

𝑞=1

 (3.12) 

With 𝑆𝑡  the total volcano-structural datasets grouped during ‘Step 0’ and 𝑤𝑞  the weight 

assigned to the q-th volcano-structural dataset. 
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In our CLV application, the weights 𝑤𝑞  were chosen by assigning a relatively higher 

importance to volcanic vents, N-S structures, and NW-SE structures (Table 3.1). These features 

have been considered as the most relevant for controlling the distribution of the volcanism in 

the region (Cembrano and Lara, 2009). The results of Equations (3.10) and (3.11) are shown 

as probability isocontours in Figs. 3.4a-g and Fig. 3.4h, respectively. 

Table 3.1. Weights 𝒘𝒒 for each volcano-structural dataset, chosen according to what features have been proposed 

as most relevant for controlling the distribution of the volcanism in the region. 

Dataset 𝑤𝑞 

Volcanic vents 0.45 

Thermal anomalies 0.04 

Earthquake epicentres 0.06 

N-S structures 0.20 

NE-SW structures 0.14 

NW-SE structures 0.03 

E-W structures 0.08 

 

3.6.4. Step 2: Temporal probability analysis 

Equation (3.11) is an estimate of the spatial density. That is, it assumes that at least one eruptive 

event has already taken place, and estimates its probability of occurrence throughout the study 

area. However, if a spatio-temporal assessment is envisioned, then the temporal probability of 

the occurrence of a new volcanic event has to be included. There are two ways for doing this: 

 𝜆(𝑟, 𝑡) =  𝑓�̂�(𝑟, 𝑡) (3.13) 

or 

 𝜆(𝑟, 𝑡) =  𝑓�̂�(𝑟)𝜌(𝑡) (3.14) 

Where 𝜆(: )  is the space-time varying intensity function, 𝜌(: )  is a point process intensity 

function, and 𝑡 is the elapsed time to be forecasted. Equation (3.13) is used if there is a temporal 

term explicit at some step during the spatial analysis, and assumes that both spatial and 

temporal components of the analysis are mutually dependent. Equation (3.14), on the other 

hand, assumes that both the spatial and temporal components are independent, so they can be 

evaluated separately and then multiplied by each other. The latter procedure is based on the 

common assumption in volcanology that spatial and temporal components can be considered 

separately (e.g., Bebbington and Cronin, 2011; Bebbington, 2013; Connor et al., 2013); this 
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assumption will also be made here, so the focus will be on the different ways of calculating the 

𝜌(: ) function. 

Figure 3.4. Spatial probability analysis for the CLV. PDFs obtained for each volcano-structural dataset after 

applying the kernel density estimation method and shown as probability isocontours. (a) Volcanic vents, where 

an age-weighting procedure was used in order to give higher weights to newer vents (white triangles indicate the 

location of historical eruptions). (b) Thermal anomalies. (c) Earthquake epicentres. (d) N-S structures. (e) NE-

SW structures. (f) E-W structures. (g) NW-SE structures. (h) Combined PDF showing the spatial probability of 

vent opening, obtained by weighting each volcano-structural layer based on its relative importance in controlling 

the distribution of volcanism in the region. Each map is drawn at 1:500,000 scale. 

 

Given that 𝜌(: ) is defined as a point process intensity function, then a 𝜑(: ) function has to be 

defined in advance. Such a function can be expressed as a long-term average recurrence rate, 

and is based on either the number of eruptions over a given observation period, or the number 

of repose times over a long time interval (Ho et al., 1991). In the second case, this is written: 

 𝜑(𝑡) =  
𝑁 − 1

𝑡1 − 𝑡𝑁
 (3.15) 

Where 𝑁 is the total number of eruptions contained between 𝑡1 and 𝑡𝑁, inclusive, with 𝑡1 being 

the age of the oldest known eruption and 𝑡𝑁 the age of the youngest known eruption. Note that 
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Equation (3.15) does not depend explicitly on 𝑡, meaning that the eruption rate is considered 

to be constant throughout the history of the volcanic field, so the volcano record is represented 

by a simple Poisson process. This inference is questionable since eruption frequencies can vary 

strongly over time (e.g., Bebbington and Cronin, 2011; Leonard et al., 2017; Damaschke et al., 

2018), but a Poisson model is a sensible first-order approach in volcanic areas with long 

eruptive histories and/or patchy eruptive records (e.g., Connor et al., 2013; El Difrawy et al., 

2013; Runge et al., 2014; Bartolini et al., 2015; Gallant et al., 2018; Nieto-Torres and Martin 

Del Pozzo, 2019). 

On the other hand, if reliable geochronological and/or historical data are available, then more 

sophisticated estimators can be used, both stationary and non-stationary (Bebbington, 2012). 

In the second case, a useful non-stationary model is a nonhomogeneous Poisson process either 

known as a Weibull process, power intensity function or power law process (Smethurst et al., 

2009; Cappello et al., 2013; Connor et al., 2015), which is written: 

 𝜑(𝑡𝑒) =  
𝛿

𝜃
(
𝑡𝑒
𝜃
)
𝛿−1

 (3.16) 

Where 𝛿 and 𝜃 are to-be-determined positive parameters, and 𝑡𝑒 the year of interest counted 

from the age of the oldest known eruption (that is 𝑡𝑒 = 0 at 𝑡1 and 𝑡𝑒 = 𝑡1 at present). Both 𝛿 

and 𝜃 parameters can be optimally obtained by minimizing the following residual: 

  ∑[ϕ(𝑡𝑖) − 𝜒(𝑡𝑖)]
2

𝑁

𝑖=1

 (3.17) 

Where 

  ϕ(𝑡𝑖) = ∫ 𝜑(𝑡)𝑑𝑡
𝑡𝑖

0

 (3.18) 

With 𝑁  being the total number of eruptions, and ϕ(: )  and 𝜒(: )  the virtual and actual 

cumulative number of eruptions observed up to 𝑡𝑖, respectively. The steps listed here have been 

compiled in an Excel template (Additional file 3.3). 

Having obtained the function 𝜑(: ), the function 𝜌(: ) is modeled as a Poisson point process, 

which can be either homogeneous (if Equation (3.15) is used) or nonhomogeneous (if Equation 

(3.16) is used), and can be generally described as: 
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  𝜌(𝑛𝑒 , 𝑡) =
[Λ(𝑡)]𝑛𝑒

𝑛𝑒!
𝑒−Λ(𝑡) (3.19) 

Where Λ(𝑡) is the estimated number of eruptions, that is: 

 Λ(𝑡) = ∫ 𝜑(𝑡)𝑑𝑡
𝑡1−𝑡𝑁+𝑡

𝑡1−𝑡𝑁

 (3.20) 

Equation (19) calculates the probability of 𝑛𝑒 eruptions at some location for a forecasting time 

interval 𝑡, attaining its maximum at: 

 𝑡𝑚𝑎𝑥 = Λ−1(𝑛𝑒) (3.21) 

Where Λ−1(: ) is the function that reverses Λ(: ). Integration limits in Equation (3.20) imply 

that the forecasting time interval is measured from the age of the youngest known eruption 

(𝑡𝑁).  

If 𝑛𝑒 is set at zero (i.e., there are no eruptions for the forecasting time interval), Equation (3.19) 

becomes: 

 𝜌(0, 𝑡) = 𝑒−Λ(𝑡) (3.22) 

In contrast, if this is not true, then: 

 𝜌(𝑛𝑒 ≥ 1, 𝑡) = 1 − 𝑒−Λ(𝑡) (3.23) 

Equation (23) calculates the cumulative probability of at least one eruption at some location 

for the forecasting time interval 𝑡. 

Regardless of which option is considered, MatHaz calculates the spatio-temporal probability 

of 𝑛 eruptions (or at least one eruption) at 𝑟 for a forecasting time interval 𝑡 (being 𝑟 defined 

as any (𝑥, 𝑦) pair of pixel size 𝑑𝑠).  

Likewise, as was done with its temporal counterpart, an integration of 𝑓�̂�(𝑟) in space is also an 

option, although a common procedure in volcanology is to keep the area as unitary (defined by 

the pixel size 𝑑𝑠) and to vary the forecasting time interval instead (e.g., Cappello et al., 2013; 

Connor et al., 2013). 

MatHaz allows the user to decide which methodology, forecasting time interval, and number 

of eruptions will be modeled. In our case study application, Equations (3.16) and (3.23) are 

used as an example, modeling the occurrence of at least one eruption in the CLV for the next 

1, 10, 100, and 1000 years (Figs. 3.5a-d, respectively). As it is noted, the greater the time 

interval to be forecasted, the more similar the resulting figure (Fig. 3.5d) is to that obtained at 
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the end of the spatial probability analysis (Fig. 3.4h). These results can also be integrated for a 

specific area. In our test case, the whole study area is considered, resulting in probabilities of 

24.7%, 29.8%, 62.5%, and 99.9% for the four time periods forecasted. This means that the 

probability of at least one eruption happening somewhere in the study area during the next year 

is 24.7%, which increases to 29.8% for the next decade, and so on. 

3.6.5. Step 3: Probabilistic volcanic hazard analysis 

Once the spatio-temporal assessment is completed, the user can perform a probabilistic 

volcanic hazard analysis by running the code once again. MatHaz works with analytical, semi-

empirical and empirical models published in the literature, and each model is run as many times 

as there are pixels in the study area (i.e., every pixel is a potential vent). Despite this very 

convenient assumption, the total number of pixels (i.e., 𝑚 ∙ 𝑛 ) can still be too large for 

manageable simulation times. Consequently, at the beginning of this third step the program 

asks the user what maximum cumulative probability will be used, picking out only those pixels 

with the highest spatio-temporal probabilities, so the closer this number is to 1, the more pixels 

will be selected. In the example of the CLV followed throughout this work, cumulative 

probabilities of 0.9, 0.99, and 0.999 are reached at 5.5%, 9%, and 11.3% of the total number 

of pixels, respectively (Fig. 3.6). 

After this substep, the program reloads the topographic matrix of the area and asks the user 

what volcanic phenomena will be modeled. In this first version of MatHaz, the following 

phenomena are considered: PDCs, ballistic projectiles, lava flows, lahars, and tephra fallout. 

Debris avalanches are absent due to the very low probability of occurrence; nevertheless, they 

can be included in an updated version of this tool. This is discussed further in the next section. 
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Figure 3.5. Spatio-temporal probability analysis for the CLV. PDFs obtained after applying a power law process approach to the spatial probability map shown in Fig. 3.4h. 

The probabilities of occurrence of at least one eruption for the next: (a) 1 year, (b) 10 years, (c) 100 years, and (d) 1000 years are shown as probability isocontours, with 2019 

being the present, and taking into consideration that CLV’s last eruption was in 1979. Each map is drawn at 1:400,000 scale. 
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Figure 3.6. Semi-log plot showing the cumulative probability curve versus the number of pixels considered. Inset shows that cumulative probabilities of 0.9, 0.99, and 0.999 

are reached at 5.5%, 9%, and 11.3% of the number of pixels with the highest probabilities. 
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PDCs (which include pyroclastic flows, pyroclastic surges, blasts, and block-and-ash flows) 

are simulated via a simple energy cone model (e.g., Malin and Sheridan, 1982). Input 

parameters for this model are the collapse height ℎ𝑐 and the ratio between ℎ𝑣 + ℎ𝑐 and 𝐿, with 

ℎ𝑣  being the elevation of the chosen vent and 𝐿 the run-out length of the phenomena. The 

model generates a cone with a slope 𝑚𝑣 (defined by the aforementioned ratio) with its apex 

located ℎ𝑐 meters over the vent. The intersection of this cone with the topography defines the 

area that is prone to be affected by the phenomena (Malin and Sheridan, 1982). Both ℎ𝑐 and 𝐿 

can range widely, mainly depending on the type and volume of the current (Newhall and 

Hoblitt, 2002, and references therein). There are many compilations of these parameters 

worldwide (e.g., Sheridan and Malin, 1983; Hayashi and Self, 1992; Freundt et al., 2000; 

Saucedo et al., 2005), so the user can choose them based on analogues of what is expected in 

the study area. At CLV there is evidence of at least 25 base surges, with run-outs of up to 6 km 

and deposits evenly distributed around the vents. These are mainly associated with 

phreatomagmatic eruptions, although a few column-collapse scoria flow deposits generated 

during strombolian eruptions are also present (Bertin et al., 2018). Taking into account all these 

data, collapse heights (ℎ𝑐) between 100 and 300 m, and slopes (𝑚𝑣) between 0.1 and 0.3 were 

defined in our test case. 

Ballistic projectiles are modeled based on an analytical solution of the equations of movement 

of a dense projectile in the atmosphere (Bertin, 2017). This model simulates a two-dimensional 

movement of an ellipsoidal particle under no wind conditions assuming a constant drag 

coefficient. Its input parameters are the projectile’s density (𝜌𝑆), semi-axes (𝑑, 𝑒, 𝑓), launch 

velocity (𝑉0), ejection angle (𝜃0), and drag coefficient (𝐶𝐷), whose values can range widely 

(Bertin, 2017, and references therein). The density of the atmosphere is assumed constant and 

calculated at the vent. It is also assumed that there is no preferred launch azimuth, so all 

plausible angles are considered. Where these results intersect with the topography contours are 

drawn, with the area enclosed by this contour defined as the zone prone to be affected by 

ballistic projectiles with decreasing launch velocities. At CLV, ballistic projectiles are 

recognized both in lapilli fallout and pyroclastic surge deposits, at distances of up to 2 km from 

the vents (Bertin et al., 2018). Inverse modeling parameters found for these projectiles include: 

bulk densities 𝜌𝑆  1500-2500 kgm-3, semi-axes 𝑑 , 𝑒 , and 𝑓  between 0.2 and 1 m, launch 

velocities 𝑉0  between 100 and 200 ms-1, ejection angles between 30 and 60˚, and drag 

coefficients between 0.2 and 1. 
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Lava flows are modeled on the basis of their areal extent, slightly modified from the approach 

in Connor et al. (2012). Such a model is ruled by simple algorithms, whose input parameters 

are the total lava volume (𝑉𝑇) and the lava unit thickness (ℎ𝑏) emitted for a pixel. The unit 

blocks of lava are sequentially emitted from the same pixel until their cumulative volume 

reaches 𝑉𝑇 (Connor et al., 2012). After a block is created, the elevation of the source pixel and 

of its eight neighbors are compared. If the lowest elevation pixel +ℎ𝑏 is lower than the elevation 

of the source pixel, then the block is transferred to that pixel, otherwise the elevation of the 

source pixel is increased by ℎ𝑏. This procedure is repeated while the block is transferred from 

one cell to another, then, the former and latter topographies are compared and the affected 

pixels depicted as the lava inundation zone. The model output strongly depends on ℎ𝑏, so the 

smaller this parameter, the greater the run-out lengths and the more intricate the flow, including 

meanders around small topographic features. At CLV, up to 32 basaltic to basaltic andesite 

lava flows are identified (Rodríguez, 1999), most with ʻaʻā morphologies and emitted during 

Hawaiian style eruptions (Bertin et al., 2018, and references therein). Their lengths vary from 

14 to <1 km and their thicknesses from 5 to 55 m, with the longest and thickest flows related 

to the oldest activity of the field. During the Holocene, almost every lava flow was <3 km 

(Bertin et al., 2018). These data helped to constrain the input parameters used for modeling, 

resulting in volumes 𝑉𝑇 between 0.05 and 0.1 km3, and block thicknesses ℎ𝑏 between 1 and 10 

m. 

Lahars (which include debris flows and hyperconcentrated streamflows) can be modeled 

following the same inundation criteria for lava flows. In this case ℎ𝑏 <1 m should be used, and 

volumes 𝑉𝑇 <0.2 km3 are recommended based on the literature (e.g., Vallance and Scott, 1997; 

Gudmundsson, 2015). At CLV, lahars are generated by rainfall remobilisation of tephra falls, 

with the largest known generated in 1907. The products of this eruption dammed the Nilahue 

river, generating a lake upstream that collapsed several months later, flooding areas up to 30 

km away (Bertin et al., 2018, and references therein). However, the lahar deposit record during 

the history of the CLV is poorly known and generally not linked to vents, thus lahar events 

were not modeled in our test application. 

Tephra fallout was empirically modeled assuming that the deposit thins exponentially away 

from source and that the isopachs are either circular or elliptical (Pyle, 1989). This decay law 

becomes clear if the natural logarithm of the thickness is plotted against the square root of each 

isopach area, so a straight line can be fitted using a least squares approach (Pyle, 1989; Fierstein 
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and Nathenson, 1992). Such a line has two parameters: its slope −𝑘 and its y-intercept 𝑙𝑛(𝑇0), 

where 𝑇0  is the extrapolated maximum deposit thickness, so the deposit thickness can be 

estimated as (Pyle, 1989): 

 𝑇 = 𝑇0𝑒
−𝑘√𝐴 (3.24) 

If Equation (3.24) is integrated with respect to the area 𝐴, the total tephra volume can be 

obtained (Fierstein and Nathenson, 1992): 

 𝑉 =
2𝑇0
𝑘2

 (3.25) 

Equation (3.25) has been commonly used as a first-order approach to estimate the volume of 

several explosive eruptions, but it requires a minimum number of isopachs covering a 

widespread area to confidently define −𝑘  and 𝑇0 . At CLV, up to 56 fallout deposits are 

identified, but volumes are only well constrained for historical events, which vary between 

0.009 and 0.37 km3 (Bertin et al., 2018, and references therein). Based on these data, several 

thousands of (−𝑘, 𝑇0)  pairs were randomly generated by a Monte Carlo simulation and 

selected only if the calculated volume was between 0.0001 and 0.5 km3. Every chosen pair was 

then used in the following equation, which relates elliptical isopachs to distance, with the 

source at one of the foci of the ellipse (Nathenson, 2017; see Appendix 2 for derivation): 

 
𝑇𝑖𝑗 = 𝑇(𝑟𝑖𝑗, 𝜙𝑖𝑗) = 𝑇0𝑒

−𝑘𝑟𝑖𝑗[1− cos(𝜙𝑖𝑗+𝜑0)]√
𝜋

(1− 2)
3
2⁄

 
(3.26) 

Where 휀 is the isopach eccentricity, 𝑟𝑖𝑗 is the distance from the source (𝑥0, 𝑦0) to any (𝑥𝑖, 𝑦𝑗), 

and 𝜙𝑖𝑗 is the angle between these two points measured from the ellipse’s major axis. The term 

𝜑0 allows a rotated ellipse, i.e., its major axis does not coincide with the E-W axis of the study 

area, and can be considered as a proxy for wind direction (e.g., Bonadonna et al., 2005b; 

Connor and Connor, 2006). The eccentricity 휀 elongates the deposit downwind and compresses 

it upwind, and is partly related to how the wind affected the dispersal pattern (e.g., Burden et 

al., 2013; Mastin et al., 2014). The parameters 휀 and 𝜑0 do not have any influence on the 

calculated volume, but they do affect both the shape and the orientation of the isopachs. In our 

test case, eccentricities 휀  between 0 and 1, and rotation angles 𝜑0  between 200 and 340° 

(measured clockwise from north) were defined. The latter parameter reflects a predominantly 

westerly wind in the region (Bertin et al., 2018). 
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In our CLV case study, each model was run only for those source pixels whose probability 

contribute the most to the 99.9% of the spatio-temporal cumulative probability (that is, 11.3% 

of the total number of pixels; Fig. 3.6). The parameters for each model were randomly defined 

following a Latin-hypercube sampling approach (e.g., McKay, 1992; Bertin, 2017), with up to 

𝑛′ intervals, with 𝑛′ being the number of pixels considered in this analysis (i.e., 𝑛′ ≤ 𝑚 ∙ 𝑛). 

For each model and for each pixel, the resulting area was assigned the spatio-temporal 

probability of its source pixel. 

3.6.6. Step 3.5: Integration 

The areas affected by each volcanic phenomenon are summed in this way: 

 𝑝ℎ =∑𝑝𝑝
ℎ

𝑛′

𝑝=1

 (3.27) 

Where 𝑝𝑝
ℎ is the spatio-temporal probability grid (of size 𝑚 ∙ 𝑛) related to the p-th source pixel 

for the h-th volcanic phenomenon. The final sum 𝑝ℎ is normalized, so its integral throughout 

the area is one. 

These probability grids can be quantitatively combined into a single grid by assigning 

weighting factors 𝑤ℎ to every volcanic phenomenon as follows: 

 𝑝 =∑𝑝ℎ

ℎ′

ℎ=1

𝑤ℎ (3.28) 

Where 

 ∑𝑤ℎ = 1

ℎ′

ℎ=1

 (3.29) 

with ℎ′ being the total number of phenomena modeled during ‘Step 3’ (in this case four) and 

𝑤ℎ the weight assigned to the h-th volcanic hazard. The user may specify a value of every 

weight 𝑤ℎ. In our CLV case study, the weighting values reflected the relative frequency of 

each volcanic phenomenon according to the geological knowledge in the zone (Table 3.2). 

Results of Equation (3.27) are shown as probability isocontours for the four volcanic 

phenomena modeled: PDCs, ballistic projectiles, lava flows, and tephra fallout (Figs. 3.7a-d, 

respectively), while results of Equation (3.28) are shown as probability isocontours of an 

integrated quantitative volcanic hazard map (Fig. 3.7e). 
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Figure 3.7. Probabilistic volcanic hazard maps for the CLV. PDFs obtained after empirical, semi-empirical or 

analytical modeling of the most relevant volcanic phenomena for this volcanic field based on the spatio-temporal 

probability map shown in Fig. 3.5d. The spatio-temporal probabilities of: (a) PDCs, (b) Ballistic projectiles, (c) 

Lava flows, and (d) Tephra fallout are shown as probability isocontours. (e) Integrated quantitative volcanic 

hazard map showing the relative likelihood of being affected by volcanic phenomena including PDCs, ballistic 

projectiles, lava flows and tephra fallout, each weighted differently according to its relative abundance in the CLV 

eruptive record. Maps are drawn at 1:500,000 scale. 
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Table 3.2. Weights 𝑤ℎ for each volcanic hazard, chosen according to the relative frequency of each volcanic 

phenomenon based on its relative abundance in the CLV eruptive record. 

Volcanic hazard 𝑤ℎ 

PDCs 0.20 

Ballistic projectiles 0.30 

Lava flows 0.10 

Tephra fallout 0.40 

 

Finally, if the results are sorted from largest to smallest, they can be binned as percentiles. For 

our case study, three boundaries were chosen to represent high (20%), moderate (40%), and 

low hazard (80%). This zoning is shown as an integrated qualitative volcanic hazard map 

following a red-yellow sequential colour scheme (Fig. 3.8), after having been passed through 

the Color Brewer tool (Brewer et al., 2013). 

Figure 3.8. Integrated qualitative volcanic hazard map for the CLV based on the results obtained in Fig. 3.7e. The 

relative likelihood of being affected by lava flows, ballistic projectiles, tephra fallout and PDCs is shown by three 

user-defined probability isocontours: 20%, 40%, and 80%, interpreted in our case-study as high, moderate and 

low hazard, respectively. Map drawn at 1:150,000 scale. Contour lines depicted every 50 m. 
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3.7. Discussion and conclusions 

3.7.1. Limitations of the code 

A significant contribution of MatHaz is its ability to combine several volcanic hazards 

independently modeled for every source pixel. This procedure required some assumptions in 

order to achieve manageable simulation times (always a consideration for a single computer 

simulation). Namely, empirical, semi-empirical, and analytical models are prioritized over 

physics-based numerical models. That is, unlike other hazard codes, MatHaz is not designed 

to model the physics of volcanic eruptions and their products, nor to model the details of 

specific eruptive scenarios. The code is not concerned with the rates of these processes other 

than the rate of vent formation. However, if process rates need to be tackled, a user could run 

MatHaz to obtain a spatial or a spatio-temporal probability map and then run more 

sophisticated numerical models on other platforms based on these results. 

Even the simplest models considered in MatHaz have their own assumptions. Tephra fallout 

modeling, for example, was performed by drawing oriented elliptical isopachs assuming a 

deposit that thins exponentially away from source. The parameters that control this exponential 

decay (i.e., −𝑘 and 𝑇0) were obtained assuming that the isopach data only define a single slope 

on a 𝑙𝑛(𝑇)  versus √𝐴  plot. This is a very simple approach and has been proven to not 

necessarily be true. Indeed, research on several well-documented eruptions has shown different 

data behavior, e.g., multi-segment exponential curves, power-law curves, and Weibull 

functions, which in turn have their own parameters (Bonadonna and Costa, 2012, and 

references therein). A potential user can, however, adapt the code to include any of these 

functions and routines to obtain their optimized parameters. 

Alternative semi-empirical models, such as the tephra attenuation model (González-Mellado 

and De La Cruz-Reyna, 2010; Kawabata et al., 2013), can also be incorporated into the code. 

Numerical modeling of tephra fallout, on the other hand, has already been accomplished in 

some hazard assessments of distributed volcanic fields, but results have typically been either 

depicted by isopachs superimposed on the integrated volcanic hazard map (e.g., Alcorn et al., 

2013; Bartolini et al., 2014; Becerril et al., 2017), or integrated in some fashion with the other 

hazards (e.g., Becerril et al., 2014; Bartolini et al., 2015). However, such integration is 

challenging if the other hazards represent cumulative probabilities of inundation yet the tephra 

hazard is based on a single eruptive scenario modeled with specific atmospheric conditions. 
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Sophisticated numerical tephra modeling tools are available (e.g., Hurst and Turner, 1999; 

Bonadonna et al., 2005a; Folch et al., 2009; Schwaiger et al., 2012) and are continuously being 

adapted to perform probabilistic analyses, varying either the atmospheric parameters (Amigo 

et al., 2012; Sandri et al., 2014) or the eruptive scenarios (Biass et al., 2016b), and tested to 

obtain better-constrained eruptive parameters via inverse modeling (White et al., 2017). 

Running any of these models on their respective platforms for those vents with the highest 

spatio-temporal probabilities might be a sensible option. 

Other volcanic processes included in MatHaz, such as lahars, are modeled based on a simple 

‘flow-routing’ code. That is, the lahar will always follow the thalweg of the valley and will 

never overbank. There are, however, more sophisticated tools available to model the dynamics 

of the flow taking into account mass and momentum, for example, the Titan2D model (Patra 

et al., 2005), which has proven to be useful to simulate block-and-ash flows as well 

(Charbonnier and Gertisser, 2009). 

Debris avalanches (e.g., sector collapses) have not been considered in this first version of 

MatHaz due to their very low probability of occurrence in volcanic fields, although a model 

can be incorporated in any subsequent version of the program. A routine for debris avalanche 

modeling could be developed by simply editing the energy cone tool. Despite its simplicity, 

the energy cone tool is a good estimator of the extent of debris avalanches worldwide, where 

an inverse relationship between the slope of the cone (𝑚𝑣) and the volume of the deposit has 

been proposed (Ui, 1983; Schuster and Crandell, 1984; Siebert, 1984; Ui et al., 2000). If the 

user wishes to model this phenomenon, 𝑚𝑣 values between 0.04 and 0.18 are recommended 

(Hayashi and Self, 1992; Siebert, 1996). 

For the modeling methodology, it was assumed that every volcanic phenomenon had its source 

in a single squared pixel of size 𝑑𝑠. This is an oversimplification, especially for lava flows, 

since they quite often start erupting from a fissure (e.g., several pixels), which may or may not 

evolve into a single vent (Valentine and Gregg, 2008). In the CLV, there are examples of these 

fissure eruptions in both the historical and prehistorical record. In MatHaz, simulation of fissure 

eruptions adds a complexity to the model similar to that which arises when simulating rain-

triggered lahars, since many assumptions about the additional source pixels have to be made 

and its implementation is not straightforward, although for rain-triggered lahars some attempts 

have been made (e.g., Jones et al., 2017; Mead and Magill, 2017). 
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MatHaz is programmed to run regardless of the input files or parameters given by a potential 

user. In order to optimize performance of future applications, we recommend that the user 

maintain the format and structure of each of the input files used in the test case application (see 

Additional files 3.1 and 3.3). The user can, however, edit the code to enable it to read other file 

formats and structures if required. Likewise, MatHaz is not programmed to give a warning if 

the input parameters are unrealistic. However, some guidelines and sensible ranges of 

parameters are given as recommendations in the volcanic hazards’ modeling section as the user 

goes through this task. 

3.7.2. Limitations of the application 

In the CLV application it was assumed that every volcanic vent represents a single event. This 

is not necessarily true for distributed volcanism (e.g., Runge et al., 2014; Bevilacqua et al., 

2017; Connor et al., 2018; Gallant et al., 2018), so statistical analyses testing the independence 

of every volcanic vent in the study area would be desirable. Following this idea, vents classified 

either as overlapping or superimposed (e.g., Corazzato and Tibaldi, 2006) might be assumed 

to be the surficial expression of magma-feeding fractures (e.g., Becerril et al., 2013; Tadini et 

al., 2014), and then be related to a single magmatic event (e.g., Nieto-Torres and Martin Del 

Pozzo, 2019). However, considering events rather than vents would mean that the spatial 

probability analysis will estimate the spatial density of future volcanic events, each of which 

might produce more than one volcanic vent (Connor et al., 2018). If an analysis of this type is 

envisioned, then studies focused on detailed stratigraphic correlations including radiometric 

dating should be carried out in the zone of interest to attempt to attribute vents to events, 

although this may be difficult to accomplish (Connor et al., 2018; Gallant et al., 2018). On the 

other hand if, as was done in the case study, a spatial probability of vent opening is visualized, 

then each vent has to be considered as a single magmatic event. A restriction of this approach 

is that, because the model only forecasts the location of the next volcanic vent, the location of 

any forthcoming vent will be influenced by the location of the previous vents (Connor et al., 

2018). This means that the use of Equations (3.16) and (3.23) for more than one eruption during 

the spatio-temporal assessment is only partly valid. Nevertheless, that would be be true for 

distributed fields with just a few vents, so the larger the number of vents, the less any 

subsequent vent will affect the spatial density estimation. In order to evaluate how any future 

vent affects the spatial probability map, a sensitivity analysis simulating different vent locations 

should be conducted. 
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Additionally, for the temporal assessment a power law process was used for the CLV. As a 

detailed temporal eruption record does not exist for this volcanic field, this approach was made 

possible by estimating the absolute age (with no age uncertainties) of every vent based on its 

morphology and on the 14C ages available. This procedure was performed as an ideal case for 

comparing the results with those obtained assuming a long-term average recurrence rate (see 

next subsection), which only needs the total number of eruptions and the ages of the oldest and 

youngest eruptions. However, more sophisticated estimations can be conducted by including 

age uncertainties, and running some Monte Carlo simulations to obtain better recurrence rates 

and confidence intervals (e.g., Bebbington, 2013; Connor et al., 2013), or by building a very 

complete eruption age dataset (e.g., Damaschke et al., 2018). 

The volcanic record at CLV shows the occurrence of PDCs, ballistic projectiles, lava flows and 

tephra fallout. Lahar deposits have also been identified in the CVL, but they are likely to have 

been generated by remobilization of unconsolidated pyroclastic material during intense 

rainfall, so lahars triggered by eruptive activity were not modeled in this test application. 

However, the simulation of lahars generated by a volcanic eruption is an option in MatHaz. 

MatHaz has been developed to follow a sequential methodology, meaning that each step is 

based on the results obtained in previous steps. In the case study, the vent location probability 

(Fig. 3.4h) is by far the main factor governing all hazards (Figs. 3.7 and 3.8), so if the vent 

location model is wrong, then the entire analysis will be wrong. To address this issue, some 

alternative models, bandwidths, and weights should be tested for comparison and to manage 

uncertainties. Some examples of this are given below. 

3.7.3. Model achievements and sensitivity analyses 

The model presented here performs an integrated (quantitative and/or qualitative) spatio-

temporal volcanic hazard assessment for distributed volcanic fields, which presents some 

improvements over existing methods. One breakthrough is related to the consideration of 

different options for calculating bandwidths during the spatial hazard assessment. These 

bandwidths have commonly been considered as scalars in the literature, with studies that have 

worked with matrices being quite scarce (e.g., Kiyosugi et al., 2010; Bebbington and Cronin, 

2011; Connor et al., 2012, 2013; El Difrawy et al., 2013; Bebbington, 2015; Galindo et al., 

2016; Bevilacqua et al., 2017; Connor et al., 2018). Throughout the CLV example followed in 

this manuscript, the �̂�𝑃𝐼,𝐴𝑀𝑆𝐸  selector was considered. Also considered were the selectors 
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�̂�𝑃𝐼,𝑆𝐴𝑀𝑆𝐸 and �̂�𝑆𝐶𝑉, and the area enclosed by the resulting isocontours 10-20, 10-10, and 10-5 of 

their respective final spatial probability maps (i.e., after applying Equation (3.11)) noted for 

comparison (Table 3.3). The highest discrepancies (up to 38.6%) were found when comparing 

the area of the isocontour 10-20 of the �̂�𝑃𝐼,𝐴𝑀𝑆𝐸  and �̂�𝑆𝐶𝑉 selectors, with this being lower (up to 

5.1%) at higher probability isocontours. These results suggests that, although the selection of 

bandwidths follows an automatic and data-driven methodology, different bandwidths may have 

a significant influence on spatial probabilities, so a sensitivity analysis should always be 

conducted since the spatial probability map generated in this step forms the basis of both the 

spatio-temporal and the probabilistic hazard analyses. This sensitivity analysis can also be 

extended to evaluate how kernels with adaptive bandwidths perform, such as the mth nearest 

neighbour estimate (Connor and Hill, 1995; Bebbington, 2013), those based on the Botev’s 

algorithm (Botev et al., 2010; Galindo et al., 2016), or kernels with other bandwidths, such as 

the Kullback-Leibler score (Vere-Jones, 1992; Bebbington, 2015). 

Table 3.3. Sensitivity analysis. Comparison of the area enclosed by three probability isocontours of the combined 

PDF (shown in Fig. 3.4h) for three different bandwidth estimators. 

Probability isocontour 
Area (km2) 

�̂�𝑃𝐼,𝐴𝑀𝑆𝐸  �̂�𝑃𝐼,𝑆𝐴𝑀𝑆𝐸  �̂�𝑆𝐶𝑉 

10-20 1866 1875 2587 

10-10 976 991 1184 

10-5 303 311 318 

 

Another highlight compared to previous approaches is that the weight assigned to each vent is 

left up to the user. To test the effect of this, the weighted approach (i.e., younger vents having 

a greater influence on forecasts) was compared to an unweighted case. Likewise, the area 

enclosed by the isocontours 10-20, 10-10, and 10-5 of their respective spatial probability maps 

(i.e., after applying Equation (3.10)) was noted for comparison (Table 3.4). The greatest 

differences (up to 30%) were found at the higher probability isocontour, suggesting that 

weighting strongly influences spatial probability estimates. In the test case, an exponentially 

decreasing function was assumed following Cappello et al. (2013), however the user can 

choose any other function that best represents the age data and then make comparisons, e.g., if 

there is a distinct spatial trend in the data (e.g., Connor and Hill, 1995; Cronin et al., 2001; Ho, 

2010; Gallant et al., 2018), the weighting could be set up to reflect this. 
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Table 3.4. Sensitivity analysis. Comparison of the area enclosed by three probability isocontours of the spatial 

density for volcanic vents (shown in Fig. 3.4a) for a weighted (𝑤𝑘 = 𝑓(𝑡)) and a non-weighted (𝑤𝑘 = 1) case. 

Probability isocontour 
Area (km2) 

𝑤𝑘 = 𝑓(𝑡) 𝑤𝑘 = 1 

10-20 682 688 

10-10 373 381 

10-5 110 143 

 

For the temporal assessment, in order to compare the power law approach with long-term 

recurrence rates, four different time intervals (1, 10, 100, and 1000 years) were considered and 

their temporal probabilities (after applying Equation (3.23)) calculated for each method (Table 

3.5). These results suggest differences of up to 43% for the shortest forecasting time interval, 

which are smaller for larger forecasting horizons. In consequence, special care should be taken 

when conducting the temporal probability analysis. Ideally, several approaches and age 

datasets, including uncertainties, should be tested and compared to each other. 

Table 3.5. Sensitivity analysis. Comparison of the spatio-temporal cumulative probabilities for the whole study 

area (shown in Fig. 3.5) for four different time periods, considering both power law and constant eruption rate 

approaches. 

Time period 
Spatio-temporal cumulative probabilities 

Power law Constant 

1 0.2421 0.1381 

10 0.2929 0.1695 

100 0.6221 0.4055 

1000 0.9994 0.9790 

 

For the hazard modeling assessment, a Latin-hypercube sampling approach was used to assign 

different modeling parameters to every source pixel for each volcanic phenomenon. In order 

to validate the code against outputs of the same models for the same inputs (after applying 

Equation (3.27)), up to 10 simulations were run and their results compared. Interestingly, very 

small differences (between 0.3 and 1%) were found when comparing the areas enclosed by the 

probability isocontours 10-8, 10-6, and 10-4, suggesting that very few simulations are 

representative for each hazard. This finding may be due to the sampling technique, which aims 

at spreading the modeling parameters more evenly than a pure random (e.g., Monte Carlo) 

approach. 
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The pixel size influence on the simulation times was also tested. In the test case, a pixel 

dimension of 100 m was used, which is ~0.1% of the longest side of the expanded study area, 

providing ~5·105 pixels. A pixel size of 1000 m (~5·103 pixels) reduced the simulation times 

by 2.5 orders of magnitude, but produced coarse probability isocontours. A pixel size of 10 m 

(~5·107 pixels), on the other hand, was far more computationally intensive, but with little 

reward, in that the shapes of each probability isocontour were quite similar to the 100 m pixel 

case. The pixel size/computational efficiency trade-off would need to be evaluated for each 

volcanic field studied, depending on its overall dimensions. 

Finally, another innovative step is the aggregate probability for each volcanic phenomenon. In 

the CLV example, phenomena were weighted accordingly to their frequency of occurrence in 

the eruptive record. However, for volcanic fields with an incomplete eruptive record, the user 

could alternatively weight phenomena based on a simplified view of their relative hazard 

(PDCs might be given a higher weighting than ashfall, for example). If this approach is taken, 

the restriction shown in Equation (3.29) would have to be discarded, and the sum of weights 

would be any integer, and interpreted as a hazard index. 

3.8. Final considerations 

MatHaz has been developed as a tool to help deal with the real and practical complications of 

assessing hazard for distributed volcanism, so its intended users are researchers who need to 

make hazard maps for volcanic fields. This tool can also be used to provide a general approach 

for hazards in large volcanic areas and/or to rapidly generate several scenarios for volcanic 

fields showing signs of unrest. 

Its systematic, sequential, and automated data-driven methodology can be tuned to perform 

optimally for any volcanic area, regardless of its extent, type, and amount of volcano-structural 

data. However, in order to achieve this task, and unlike other hazard simulation tools, MatHaz 

has not been developed to model the physics of volcanic eruptions and their products, or to 

model the details of specific eruptive scenarios. 

MatHaz was created in Matlab R2017b (version 9.3) and has been successfully tested in Matlab 

R2015a (version 8.5). It does not require any additional toolboxes, however the Statistics and 

machine learning toolbox is required for ‘Step 3’ of the program if a Latin-hypercube sampling 

approach is envisioned. MatHaz can be found in Additional file 3.4. 
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Chapter 4. The volumetric eruption rate of the 22.5-29°S segment 

of the Central Volcanic Zone of the Andes based on a new 

volcanic geospatial database 

This chapter introduces a new volcanic geodatabase and reports a new estimation of the erupted 

volume of the 22.5-29°S segment of the CVZ. The database provides information about 

volcanic vents, volcanic features, radiometric ages, and tectonic structures. Volcanic features, 

in particular, include information about volumes and ages. The evolution of the erupted volume 

over the last 35 Myr is used to estimate eruption rates and crustal growth rates. Eruption rates 

identify a response time of ~8-12 Myr between a transient shallowing of the subducting slab 

and the onset of high-flux magmatism. Estimated crustal growth rates confirm earlier 

observations that magmatic addition has only played a subordinate role in the thickening of the 

crust beneath the study area. This chapter is prepared in the form of a manuscript to be 

submitted to an international journal after submission of this thesis. In line with this, I have 

used plural personal pronouns and possessive forms. 

4.1. Abstract 

We report a new estimation of the erupted volume of the Chilean-Argentinian segment of the 

Central Volcanic Zone of the Andes (22.5-29°S) over the last 35 Ma. This was carried out using 

a new database of volcanic landforms mapped at a 1:20,000 scale. Our results suggest that 27.6 

to 30.1 × 103 km3 of Dense Rock Equivalent (DRE) magma was erupted over that period. 

Around 44% occurs within ignimbrite sheets and ~56% in other diverse volcanic deposits, 

almost equally distributed north and south of 25°S. Considering the plateau-forming 

ignimbrites separately, we infer eruption rates between 2 and 140 km3/10 kyr, with the highest 

rates associated with transient flare-ups at 5.8, 5, and 4 Ma. Smaller-scaled eruption products 

represent background volcanism with eruption rates of <20 km3/10 kyr. These background 

volcanic rates correlate well with those from the large-volume ignimbrite-forming events for 

some of the time analysed, which coincides with the period when large shallow magma 

reservoirs were absent. The flare-ups in volumetric eruption rate, especially ignimbrite 

formation, occurred 8-12 Myr after subduction of the Juan Fernández Ridge. Estimated crustal 

growth rates, derived by summing estimated intrusive plus extrusive volumes amount to 

between 0.2 × 10-5 and 1.5 × 10-5 km3/km of arc/yr. Summed over the last 35 Ma, magmatism 

only accounts for 1.5-2.5% of the current crustal thickness in the region 
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4.2. Introduction 

The southernmost segment of the Central Volcanic Zone (CVZ) of South America (22.5-29°S; 

Figs. 4.1a and 4.1b) has long been analysed by satellite remote sensing methods (e.g., Francis 

and Baker, 1978; Francis and de Silva, 1989). The large numbers of volcanoes of different 

types were catalogued into a series of detailed volcanic databases (e.g., de Silva and Francis, 

1991), some in a geospatial format (Trumbull et al., 2006; Brandmeier and Wörner, 2016; 

Tibaldi et al., 2017). Since 2010, Chile and Argentina have also produced 17 new geological 

maps, at a scale of 1:100,000 or better in this region, and 869 new radiometric ages have been 

published. 

We collated all available information from this region into a new Geographical Information 

System at a homogeneous scale of 1:20,000. Collectively this information holds valuable 

insight into the diversity of volcano types, vent locations, eruptive volumes and eruption ages. 

In this database we identify 2950 volcanic vents, 2057 other volcanic landforms, 5887 tectonic 

structures, and 2029 radiometric ages. By interpreting volume and age constraints for all 

volcanic landforms, we provide the first comprehensive evaluation of the erupted volume and 

volcanic emission rates over time for the region. This information is crucial to reconstruct the 

spatio-volumetric-temporal evolution of volcanism in the region and to interpret the arc-

segment scale processes that drive its variation. In addition, the importance of magmatism in 

crustal development for this rapidly thickening continental arc is also evaluated. 

4.3. Geological setting 

The 22.5-29°S volcanic segment of the western margin of South America is part of the CVZ 

of the Central Andes (Stern et al., 2007). The CVZ runs between 13-29°S, and groups the active 

volcanoes of southern Peru, northern Chile, western Bolivia and northwestern Argentina. The 

Central Andes, in turn, is an orogenic belt between 5-33°S that includes the CVZ and two flat 

slab segments (Peruvian to the north and Pampean to the south) (Fig. 4.1a). The geologic 

history of the Central Andes can be traced as far back as the Early Jurassic (190-180 Ma; Parada 

et al., 2007; Ramos, 2009), although its main orogenic activity took place during the Eocene-

Oligocene (45-25 Ma; Allmendinger et al., 1997; McQuarrie et al., 2005) due to a flat slab 

event located at 14-20°S (James and Sacks, 1999; Martinod et al., 2020). During that period, 

the continental crust was intensively shortened and thickened, and the whole orogen was bent 

seawards due to an along-strike differential horizontal shortening gradient, forming an orocline 
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with a topographic symmetry axis at 18-20°S (Isacks, 1988; Arriagada et al., 2008). The onset 

of the flat slab regime also caused a major eastward jump of the deformation front, generating 

the Altiplano-Puna (a hinterland plateau) and the Eastern Cordillera (a bivergent thick-skinned 

retroarc thrust belt) (McQuarrie et al., 2005; Anderson et al., 2018). Prior to this major event, 

both the deformation and magmatic fronts had been steadily migrating to the east from the 

Coastal Cordillera (an Early Cretaceous magmatic arc) to the Precordillera (a Late Cretaceous-

Paleogene magmatic arc) (Charrier et al., 2007; Horton, 2018a). Minor magmatic activity 

occurred during the flat slab stage and, unlike the deformation front, did not migrate 

significantly to the east, establishing in the Western Cordillera since ~35 Ma (James and Sacks, 

1999; Haschke et al., 2002; Hoke and Lamb, 2007) (Fig. 4.1b). 

The Eocene-Oligocene flat-slab stage was caused by the coeval and quasi-stationary 

subduction of three oceanic hotspot tracks: the Taltal Ridge (TR), the Copiapó Ridge (CR), 

and the Juan Fernández Ridge (JFR) (Bello-González et al., 2018), and suddenly ceased due to 

a major plate reorganization event, with migration of these three ridges to the south to attain 

their current positions at ~25.2°S (TR), ~27.3°S (CR), and ~32.5°S (JFR) (Bello-González et 

al., 2018) (Fig. 4.1a). The subduction of the JFR (the southernmost and largest of the three 

ridges) and its continuous migration to the south, generated a transient shallowing of the 

subduction zone that strongly influenced the evolution of the CVZ until the present day (Kay 

and Coira, 2009; de Silva and Kay, 2018). Events such as arc-front migration, magmatic 

broadening, volcanic quiescence, and arc narrowing, together with high-flux magmatism, back-

arc mafic volcanism, and geophysical evidence of large mid-to-upper crustal partial melt zones, 

can relatively be well explained by linking them to a transient episode of shallow subduction 

(Trumbull et al., 2006; Kay and Coira, 2009; Freymuth et al., 2015; de Silva and Kay, 2018). 

Comparison of the migration history of the JFR with the onset of high-flux magmatism at any 

latitude, have led to suggestions of a 5-10 Myr time lag between the two (Beck et al., 2015; 

Freymuth et al., 2015; Brandmeier and Wörner, 2016). This first-order correlation gave rise to 

the hypothesis that the 25-27.5°S segment of the CVZ has the potential to host future large-

volume magmatism (Trumbull et al., 2006; Kay and Coira, 2009; Beck et al., 2015; Ward et 

al., 2017; Pritchard et al., 2018). 
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Figure 4.1. (a) Location map of the Central Volcanic Zone (CVZ) of the Andes at 1:30,000,000 scale, showing the main tectonic elements. JFR = Juan Fernández, TR = Taltal 

and CR = Copiapó ridges. NVZ = Northern, SVZ = Southern and AVZ = Austral volcanic zones. (b) Main tectonomorphic regions. White rectangle in (b) indicates our study 

area. Red triangles in (a) and grey triangles in (b) correspond to the Pliocene and younger volcanoes according to Siebert et al. (2010). The black striped regions in (b) show 

the Altiplano-Puna Volcanic Complex (APVC; de Silva, 1989) and the Cerro Galán (Kay et al., 2011) ignimbrite province.
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Aspects of the late Cenozoic volcanic evolution of the 22.5-29°S segment have been explained 

in past research in relation to four volcano-tectonic relationships: 1) magmatic arc migration, 

broadening, narrowing and quiescence due to changing slab dips and/or subduction erosion 

(e.g., Coira et al., 1993; Kay and Mpodozis, 2002; Kay et al., 2013); 2) back-arc mafic 

volcanism due to lithospheric foundering events in a collapsing orogen (e.g., Kay et al., 1994; 

Risse et al., 2013; Maro et al., 2017b); 3) structural controls on volcanism due to both inherited 

and new crustal structures (e.g., Tibaldi et al., 2017; Naranjo et al., 2018; Morfulis et al., 2020); 

and 4) ignimbrite provinces produced by transient high-flux magmatism (flare-ups) (e.g., de 

Silva, 1989; Kay et al., 2010; Salisbury et al., 2011). Earlier reviews have also addressed 

aspects of drivers of volcanism in this segment (Allmendinger et al., 1997; Trumbull et al., 

2006; Kay et al., 2008; Kay and Coira, 2009); with a more recent comprehensive review 

focussing on a sub-area (25-26°S; 68-69°W) (Naranjo et al., 2019a). 

Volcanic geodatabases for the 22.5-29°S segment focus mainly on vent sites and ages. The de 

Silva and Francis (1991) catalogue identified 590 Miocene or younger volcanoes. Trumbull et 

al. (2006) documented 1075 volcanic landforms for all of the Cenozoic. Ignimbrite units were 

compiled by Brandmeier and Wörner (2016), and Tibaldi et al. (2017) classified 985 volcanic 

vents for the 22.5-24.5°S segment by nature as polygenetic or monogenetic. A similar exercise 

was conducted for the 24.5-27°S segment by Haag et al. (2019) and Grosse et al. (2020), who 

mapped 250 monogenetic volcanic vents <8.7 Ma. 

Order-of-magnitude volume estimates have been made for some of the elements of the volcanic 

record, such as ignimbrites and lavas (Francis and Rundle, 1976; Baker and Francis, 1978; 

Francis and Hawkesworth, 1994; de Silva and Gosnold, 2007; Salisbury et al., 2011; 

Brandmeier and Wörner, 2016; Naranjo et al., 2019a), a few stratovolcanoes (Karátson et al., 

2012; Grosse et al., 2014, 2018; Naranjo et al., 2019a), small monogenetic centres (Grosse et 

al., 2020), and some widespread tephra deposits (Gardeweg et al., 1998; Calder et al., 2000; 

Tait et al., 2009; Fernández-Turiel et al., 2019). In addition to volcanism, the rates of magmatic 

addition to the crust have been also estimated for caldera settings, fuelled by a better reappraisal 

of the volumes of the mid-crustal magma bodies that underlie them (Ward et al., 2014, 2017; 

de Silva et al., 2015; Delph et al., 2017; de Silva and Kay, 2018). 
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4.4. Methods 

4.4.1. Assembling a volcanic database of the Chilean-Argentinian Central Volcanic 

Zone 

At the time of this study, 53 geological maps are available for the 22.5-29°S segment 

(Appendix 3, Fig. A3.1). We defined our study area as the quadrangle 22.5-29°S/64.5-69.5°W 

(Fig. 4.1b). The northern limit is the Bolivian border, which coincides with the tectonomorphic 

boundary between the Altiplano and the Puna; the western limit is the region between the early 

Cenozoic magmatic arc (Precordillera) and the late Cenozoic magmatic arc (Western 

Cordillera), in Chile; the eastern limit is the region between the foreland thrust belt (Subandean, 

Santa Bárbara and Sierras Pampeanas ranges) and the active foreland basin (Chaco plain), in 

Argentina; and the southern limit was defined at the latitude of the Cerro de Vidrio dome, 

which is the southernmost evidence of Quaternary volcanism in the CVZ (Bissig et al., 2002). 

This area encompasses the bulk of the late Cenozoic (<35 Ma) magmatic province and all 

known Quaternary volcanism. 

We digitised volcanic features from 22 maps of 1:100,000 scale and 21 of 1:250,000 scale, 

complemented by seven maps of 1:500,000 scale and one map at 1:1,000,000 scale to fill gaps 

(Appendix 3, Fig A3.1). In addition, two maps of active Chilean volcanoes (1:25,000 and 

1:50,000 scale) were included. Overall this encompassed late Cenozoic (<35 Ma) volcanic 

deposits (Fig. 4.2a), volcanic vents (Fig. 4.2b), radiometric ages (Fig. 4.2c), and tectonic 

structures (Fig. 4.2d). The database was housed in ArcMap 10.2, entered at a 1:20,000 scale. 

Volcanic deposits (2057 in total) were grouped by lithotype and geological epoch (Fig. 4.2a). 

Lithotypes were defined following the Chilean Geological Survey’s 1:100,000-scale maps; that 

is, tephra fall deposits, lava flows, lava domes, debris flow/avalanche deposits, pyroclastic 

density current (PDC) deposits, and undifferentiated volcanic deposits. To map volcanic 

features in regions of poor cartographic or satellite coverage, we drew upon geological sketches 

published within scientific articles or technical reports, and conducted several field trips, 

especially in Argentina, to crosscheck this information where possible. The PDC deposit 

category includes extensive plateau-forming ignimbrites, mapped most extensively in 

Argentina. Geochronology data was extracted from the geological maps as well as the Andean 

literature. Data were classified into geological epochs by age range, with minimum and 

maximum ages expressed as a mean and two standard deviations. For those features lacking 
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ages, we estimated these from the ages of any adjoining features with a stratigraphic 

relationship; if this was not possible, then a broad age range was assigned by comparing to 

neighbouring features with similar geomorphic expression. If no location data were available 

for some age determinations, they were located as best as possible from ancillary information. 

We extracted 2029 radiometric ages (Fig. 4.2c) from 217 sources (Additional file 4.1). 

We identified 2950 volcanic vents (Fig. 4.2b). Compared to earlier catalogues (e.g., Trumbull 

et al., 2006; Tibaldi et al., 2017), some vents were discarded due to being incorrectly sited on 

non-volcanic landforms (e.g., basement highs, exposed intrusives). The new database is most 

accurate for young, distinctive volcanic features (e.g., cones, isolated lava domes/flows, or 

craters), and least precise for eroded or partially buried volcanoes. Geomorphic data was 

integrated with geological data to identify obscured volcanic vents. In the absence of any other 

information, we denoted volcanic topography highs, alteration zones, or summit depressions 

as likely vent zones, which were checked where possible in the field. 

Tectonic structures, which include 5887 faults, fractures, fissures, and lineaments, were 

grouped based on their estimated kinematics (i.e., reverse, normal, strike-slip or unknown) 

(Fig. 4.2d). We only mapped structures with obvious continuity across maps. 
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Figure 4.2. (a) Volcanic landforms, (b) volcanic vents, and (c) locations of age determinations in our new database 

classified according to age. (d) Structural information in our new database including: faults, fractures, fissures, 

and lineaments, classified by kinematic regime. 
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4.4.2. Estimating volumes of individual volcanic features 

To estimate eruptive volumes we used Global Mapper v.18 2 , intersecting each digitized 

volcanic feature with the global digital elevation model (DEM). Here we applied the 2019, 30-

m resolution ASTER GDEM v.33, which has a vertical accuracy of 7 to 14 m (Talchabhadel et 

al., 2021). Over each polygon area, volume calculated assumed two horizontal surfaces set at 

the lowest and highest elevations intersected. Generally very low erosion rates have been 

estimated for the volcanoes in this area (7-9 m/Myr; Karátson et al., 2012), so to include any 

eroded or remobilized material in our calculations, we defined the lowest elevation intersected 

by each polygon area as the mean elevation of the apron boundary around each volcano (cf. 

Karátson et al., 2012). Two volumes were thus obtained by integrating the topography in excess 

around these contours. This procedure is simple for stratovolcanoes and lava domes, but more 

difficult for low-aspect ratio landforms such as lava flows and debris flows. In those cases, we 

multiplied their projected 3D areas by the maximum and minimum thicknesses indicated by 

the DEM itself, crosschecked with field information where possible. For ignimbrite sheets, on 

the other hand, most volumes come from the literature (Additional file 4.1); otherwise, they 

were calculated by multiplying each area by an estimated minimum thickness (from literature 

sources). All ignimbrite volumes were normalized to dense rock equivalent (DRE) volumes by 

multiplying the bulk volume by 0.65. 

All datasets described here are presented as Google Earth (kmz) files (Additional file 4.2) and 

Arc (shp) file formats (Additional file 4.3). 

4.4.3. Volume modeling 

We wrote a Matlab script to calculate a specific volume and age range for each feature 

(Additional file 4.4). Volumes were assumed to follow a uniform distribution from the 

minimum and maximum volumes estimated above, and maximum and minimum ages were 

sampled from the normal distributions of dates for each unit. The last 35 Myr were partitioned 

into 10 kyr intervals for classifying all volumes. Each feature was assigned to the time 

interval(s) representative of its period of activity, and its volume evolution was assumed to 

reflect a constant eruption rate. The total eruption rate for each time interval was obtained by 

summing the eruption rates of all the layers active during the 10 kyr interval. Eruption rates for 

                                                           
2 https://www.bluemarblegeo.com/global-mapper/ 
3 https://search.earthdata.nasa.gov 

https://www.bluemarblegeo.com/global-mapper/
https://search.earthdata.nasa.gov/
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ignimbrite-forming events and for the rest of volcanic products combined were calculated 

separately. We ran this model 10,000 times in order to quantify the statistical uncertainty, 

which was reported as 2σ assuming a normal distribution. 

Our volume estimates yielded at this step are similar to the volumes of Quaternary Central 

Andean stratovolcanoes (Karátson et al., 2012; Grosse et al., 2014, 2018; Naranjo et al., 2019a) 

and back-arc monogenetic centres (Grosse et al., 2020). We identified a few inconsistencies 

for the youngest stratovolcanoes (e.g., Láscar, Lastarria), where our volumes almost double 

those of Grosse et al. (2014). This may be due to the lower elevations of our polygon boundaries 

defined here in order to include the remobilized material as well as some long-runout PDC 

deposits. 

4.5. Results 

We obtained a total erupted volume of 28,840 ± 1,250 km3 over the last 35 Myr (Fig. 4.3a; 

Appendix 3, Fig A3.2). The evolution of the cumulative volume over time shows a gradual 

increase: 5,000 km3 at ~11.8 Ma; 10,000 km3 at ~8.3 Ma; and 20,000 km3 at ~4.2 Ma. The 

relative contribution of ignimbrites to the total erupted volume varied over time, from fairly 

equal proportions between ~20 and 15 Ma and at ~3 Ma, to lower proportions (~44%) at 

present. 

The eruption rates include seven major peaks, all within the last 10 Myr (Fig. 4.3b), with a 

maximum rate of ~140 km3/10 kyr at ~4 Ma. These relate to the main periods of ignimbrite-

forming volcanism in the region. The eruption rates for the rest of volcanic products, which 

can be considered background eruption rates, have varied between ~8 and 20 km3/10 kyr over 

the last ~10 Ma. 

4.6. Discussion 

4.6.1. Volumes and eruption rates 

The volume obtained for the ignimbrites, 12,790 ± 920 km3 (Fig. 4.3a; Appendix 3, Fig. A3.3), 

is similar to other estimates for the region (e.g., de Silva and Gosnold, 2007; Salisbury et al., 

2011; Freymuth et al., 2015). Our mean eruption rates calculated for the ignimbrite-forming 

eruptions (2 to 140 km3/10 kyr; Fig. 4.3b), are within the ranges reported by de Silva and 

Gosnold (2007) (2 to 120 km3/10 kyr) and Salisbury et al. (2011) (1 to 310 km3/10 kyr) for the 
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main ignimbrite pulses of the Altiplano-Puna Volcanic Complex (APVC; Fig. 4.1b. There are 

however major uncertainties both in volumes and age determinations (Additional File 4.1), so 

that extreme eruption rates may reach 470 km3/10 kyr at the 2 model range (Appendix 3, Fig. 

A3.4). 

Figure 4.3. (a) Cumulative erupted volume (km3) versus time (Ma) for the 22.5-29°S segment of the Central 

Volcanic Zone of the Andes. (b) Eruption rate (km3/10 kyr) versus time (Ma). Zoom highlighting the last 10 Ma 

is shown as an inset in (b). 
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The volume of the rest of volcanic products, 16,010 ± 140 km3 (Fig. 4.3a; Appendix 3, Fig. 

A3.5), is new for the region. North of our study area, volumes between 2,000 and 10,000 km3 

were obtained by Francis and Rundle (1976), Baker and Francis (1978), and Francis and 

Hawkesworth (1994) for different time periods (<10 Ma and <25 Ma). Francis and Rundle 

(1976) obtained mean eruption rates between 1.9 and 3.2 km3/10 kyr (21-22°S; <10 Ma), Baker 

and Francis (1978) an average of 5 km3/10 kyr (19.5-22.5°S; <20 Ma), and Francis and 

Hawkesworth (1994) between 3 and 58 km3/10 kyr for different arc segments and time 

intervals. Our overall mean eruption rate estimated here is 4.5 km3/10 kyr (Fig. 4.3b), which 

varies between 0.5 and 25 km3/10 kyr including the 2σ ranges (Appendix 3, Fig. A3.6). The 

highest background eruption rates occur at 6 Ma, coinciding with a peak in ignimbrite-forming 

eruption rates. 

4.6.2. Latitudinal variations 

To better compare the ignimbrite-forming and background eruption rates we considered the arc 

in two sub-segments: 22.5-25°S (i.e., encompassing the APVC) and 25-29°S. The northern 

segment (Fig. 4.4a), shows that the APVC ignimbrite events are responsible for many of the 

peaks in the regional eruption rate. The southern segment (Fig. 4.4b) also contains several 

major peaks, which occur during low-rates in the northern segment. This asynchronous 

behaviour is most obvious for the ~5 and ~2.5 Ma peaks. 

The most prominent eruption rate peaks correspond to voluminous ignimbrite episodes. The 

background eruption rates also generally rise during ignimbrite peak events in the northern 

segment by almost an order of magnitude. This is generally not the case in the southern 

segment, possibly due to ignimbrite-forming events concentrated around a single source (Cerro 

Galán; Fig. 4.1b). There are also two divergences between ignimbrite-forming and background 

eruption rates in the north: during the major ignimbrite pulse at ~4 Ma (when background 

activity decreased) and since 1 Ma (apparent five-fold increase in the background activity with 

no ignimbrite activity). The latter, however could reflect data availability and accuracy, with 

the youngest smaller-scale volcanics being better preserved in the geological record and the 

background rates before this time being possibly underestimated. 

In the northern segment there is a good correspondence between background rates and 

ignimbrite output at ~16 Ma as well as during the first half (11-6 Ma) of the “APVC ignimbrite 

flare-up” (de Silva, 1989; de Silva et al., 2006, Salisbury et al., 2011). At these times, the brittle-
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ductile transition (i.e., the 450°C isotherm) in the region had not been pushed further shallower 

yet (~15 km at 13-10 Ma versus 8-4 km at 5 Ma; de Silva and Gosnold, 2007), so large and 

shallow magma reservoirs were likely absent (de Silva et al., 2006; de Silva and Gosnold, 

2007). It is only when shallow crustal magmatic conditioning became pervasive that 

ignimbrite-forming eruption rates dominate the eruption rate signal. 

Figure 4.4. Magma eruption rates. (a) Northern segment (22.5-25°S). Major peaks are correlated with the 

ignimbrites that form the APVC. (b) Southern segment (25-29°S). In each figure, the red bracket specifies the 

time when the JFR was subducting beneath the centre of each volcanic segment according to Bello-González et 

al. (2018). 
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The background eruption rates have been generally higher (~10 km3/10 kyr) and steadier since 

~12 Ma in the southern sector than in the north (Fig. 4.4). In the northern segment, they show 

a 5.5 Myr earlier onset of magmatic activity (~25 Ma) compared to the estimations of Kay and 

Coira (2009) (Fig. 4.4a). In the southern segment, the magmatic pause suggested by Mpodozis 

et al. (1995) between 20 and 17 Ma was probably due to a lack of data, because our new 

database shows steady activity during this period (Fig. 4.4b). 

Background eruption rates of >1 km3/10 kyr began in the northern segment later than in the 

southern segment (~17 Ma versus ~20 Ma, respectively). The major flare-ups leading to 

ignimbrite emplacement and increases in background volcanism began at ~11 Ma in the north 

(Fig. 4.4a), and while background output in the south began rising substantively at ~12 Ma, the 

ignimbrite flare up in the south (Fig. 4.4b) did not start until ~5 Ma. If we consider that the JFR 

arrived beneath the centre of each of these segments at ~20-19 Ma (north) and ~17-15 Ma 

(south) (Bello-González et al., 2018) (Fig. 4.4), this indicates a period of ~8-12 million years 

of delay between ridge subduction and shallow crustal magmatism. This sits at the high end of 

the lag range of 5-10 Myr, suggested by Beck et al. (2015), Freymuth et al. (2015), and 

Brandmeier and Wörner (2016) for the whole CVZ. 

The shallowing of the subduction zone caused by the approach of the JFR ridge caused a major 

arc-broadening event in the region (Coira et al., 1993; Trumbull et al., 2006; Kay and Coira, 

2009). However, this does not appear to have altered the overall background eruption rates, 

rather dispersing the same volume across a wider geographic scale 

4.6.3. Magmatic volumes and crustal growth rates 

The new database and volume calculations allow reappraisal of the magmatic contribution to 

crustal growth via intrusive and extrusive processes over the last 35 Ma. With respect to 

ignimbrite activity in the Central Andes, estimations of plutonic-to-volcanic ratios usually lie 

between 5:1 to 35:1 (de Silva et al., 2015; Delph et al., 2017; Ward et al., 2017), where ~50% 

of that material is mantle-derived (Kay et al., 2010, 2011; de Silva and Kay, 2018). There are 

similar broad ranges of estimates with large error in relation to other types of volcanism, with 

intrusive-to-volcanic ratios estimated between 1:1 and 1:10 (Francis and Rundle, 1976; Francis 

and Hawkesworth, 1994; Pritchard and Simons, 2004). Estimates of crustal assimilation 

proportions are slightly better constrained by geochemical evidence at between 12 and 31% 

(Guzmán et al., 2011; Godoy et al., 2017; González-Maurel et al., 2020), even for mafic lavas 
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erupted in the back-arc (Kay et al., 1994; Drew et al., 2009; Risse et al., 2013). The most 

extreme values of assimilation are estimated at 60% for silicic domes enriched in crustal 

isotopes (e.g., Caffe et al., 2002). 

By summing the intrusive and extrusive contributions for ignimbrite-forming events and other 

volcanic products, and normalizing these by unit length of arc, we obtain a crustal growth rate 

between 0.2 × 10-5 and 1.5 × 10-5 km3/km of arc/yr for the last 35 Ma. This fits with models of 

Baker and Francis (1978) (0.6 × 10-5 km3/km of arc/yr) and Francis and Hawkesworth (1994) 

(1.3 × 10-5 km3/km of arc/yr), but below the estimates of 3.5 × 10-5 to 9.6 × 10-5 km3/km of 

arc/yr presented by Pritchard and Simons (2004) by means of remote-sensing surveys. This 

discrepancy is due to the very different time periods used for the analyses (10 years in their 

case versus 35 million years in our case), so Pritchard and Simons (2004) likely detected a 

short-term pattern in the crustal growth rate that is undetectable using our approach. 

We estimate rates of crustal growth over time using Monte Carlo methods (random resampling 

from intrusive-to-volcanic ratios and crustal assimilation proportions, simulating the record 

10,000 times) (Fig. 4.5; Additional file 4.4). Others have suggested that a rate of >0.2 km3/km 

of arc/10 kyr represents crustal growth due to flare-up magmatism (e.g., Ducea and Barton, 

2007; Jicha and Jagoutz, 2015). However, our estimates here suggest that this is only 

reasonable between ~8 and 2 Ma, with a rate of ~ half of that from ~2 Ma to present and from 

~23 to 9 Ma, and <0.01 km3/km of arc/10 kyr before ~23 Ma. 

Averaging across the APVC ignimbrite flare up, crustal growth rates were 28 ± 20 km3/km of 

arc/Myr, which is at the low end of the values proposed for the Late Cretaceous Sierra Nevada 

flare-up (45-90 km3/km of arc/Myr; Jicha and Jagoutz, 2015; de Silva and Kay, 2018). Most 

of the peaks within the flare-up period are related to voluminous APVC ignimbrites, such as 

Atana (4 Ma), Pujsa (5.8 Ma), Guacha (5.8 Ma) and Vilama (8.5 Ma). Two peaks were driven 

by eruptions outside the APVC region, including the Pitas (5 Ma), Real Grande (4.8 Ma) and 

Cerro Galán (2.1 Ma) ignimbrites. These are all sourced from the Cerro Galán caldera, ~300 

km south of the APVC (Fig. 4.1b; Additional file 4.1). A series of discontinuous mid-crustal 

and partially molten bodies occurs under this region, with a cumulative volume of ~90,000 km3 

(Bianchi et al., 2013; Delph et al., 2017, 2021; Ward et al., 2017). This has raised the hypothesis 

that the 25-27.5°S segment of the CVZ could host a flare-up event over the next few Myr 

(Trumbull et al., 2006; Kay and Coira, 2009; Beck et al., 2015; Ward et al., 2017; Pritchard et 
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al., 2018). However, our new data suggests that this flare up has already begun, and the Pitas, 

Real Grande and Cerro Galán ignimbrites would be its earliest members. 

Figure 4.5. New crustal growth rate (in km3/km of arc/10 kyr) versus time (in Ma) for the whole 22.5-29°S 

segment, expressed as a mean (continuous black line) and two standard deviations (dotted black lines). The red 

line is drawn at 0.2 km3/km of arc/10 kyr, proposed as reflecting the boundary between background and flare up 

magmatism (e.g., Ducea and Barton, 2007; Jicha and Jagoutz, 2015). 

 

When the crustal growth rates shown in Fig. 4.5 are integrated over time, we obtain the total 

volume of crust that has been created by magmatic addition. For the last 11 Ma, we obtain a 

crustal increment of 230 ± 160 km3/km of arc. This contrasts with ~495 km3/km of arc obtained 

by de Silva and Kay (2018) for the 21-27°S segment by only considering ignimbrites. For the 

last 15 Ma, we calculate a crustal gain of 240 ± 170 km3/km of arc, comparable to the ~195 

km3/km of arc obtained by Francis and Hawkesworth (1994) for the 21-22°S segment. Over 

the whole 35 Ma period, we obtain a crustal increment of 280 ± 190 km3/km of arc. Even if the 

uppermost limit is considered, this accounts for only a <1 km increase in the crustal thickness 

beneath the 22.5-29°S/64.5-69.5°W quadrangle. This is just 1.5% to 2.5% of the current crustal 

thickness known in the region (Tassara et al., 2006). Similar to the conclusions of Francis and 

Hawkesworth (1994) and Kay et al. (2010), we show that magmatic addition has thus only 

played a minor role in crustal thickening beneath the CVZ. In addition, since most magmatic 

crustal growth has occurred over the latest 11 Ma, crustal loss rates over this time are one order 

of magnitude higher, due to lithospheric foundering and forearc subduction erosion (e.g., de 
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Silva and Kay, 2018). This is consistent with a conclusion of net crustal loss in this area over 

the latest Cenozoic (Kukowsky and Oncken, 2006; de Silva and Kay, 2018). 

4.7. Conclusions 

Here we present a new geospatial database for the Chilean-Argentinian segment of the Central 

Volcanic Zone of the Andes (22.5-29°S/64.5-69.5°W). We use this to provide a detailed 

analysis of the spatial and temporal patterns of erupted volume over the last 35 Ma in the region. 

Our results suggest that 27,600 to 30,100 km3 of material was erupted during this period. 

Almost half (~44%) of that volume is made up of plateau-forming ignimbrites, mainly (~70%) 

north of 25°S. In the 22.5-25°S segment, the flare-up that built the Altiplano-Puna Volcanic 

Complex is the most dominant feature influencing eruption rates. Eruption rates calculated for 

the ignimbrite-forming eruptions fall between 2 and 140 km3/10 kyr, whereas the background 

eruption rates, calculated for the rest of volcanic products, are <20 km3/10 kyr. This 

background activity also shows a strong latitudinal contrast, as in the 22.5-25°S segment they 

never remained stable for more than 0.5 Myr, whereas in the 25-29°S segment they have been 

relatively constant over the last 12 Ma. By comparing the ignimbrite-forming and background 

eruption rates, they are well-correlated only during the first half of the APVC flare-up, before 

shallow crustal magmatic conditioning was pervasive. 

The changing dip of the subduction zone due to the approach and passage of the Juan Fernández 

Ridge did not alter the background eruption rate significantly. However, if we compare the 

time lag between the subduction of the ridge and a significate increase in both the background 

and ignimbrite-forming eruption rates, we identify a magmatic response time between 8-12 

Myr that is consistent for the northern and southern sectors of the arc segment analysed here. 

We show that magmatic crustal growth rates during the last 35 Ma were between 0.2 × 10-5 

and 1.5 × 10-5 km3/km of arc/yr, theoretically thickening the crust by less than a kilometre (1.5-

2.5% of the current crustal thickness). This shows that magmatic addition has only played a 

subordinate role in the thickening of the crust beneath the CVZ.  

We encourage the use of the new database presents here to examine a range of other spatial-

specific analyses, including volcano-tectonic and hazard analyses beyond the broad regional 

scale analysis described here. 
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Chapter 5. 30 million years of changing volcanic alignments 

identify tectonic rotation of the southern Central Andes 

This chapter provides an alternative approach for understanding collision histories and 

responses along continental margins using volcanic alignments. This method is applied to the 

volcanic vents layer of the new volcanic geodatabase developed in Chapter 4 in order to 

compare relative tectonic rotations over time. Through this work, it is found that interruptions 

to the steady oroclinal bending of the study area reflect the transient subduction of large oceanic 

hotspot tracks. This information is used to refine the kinematic reconstruction of the ridge-

continent collision histories during the late Cenozoic. This chapter is prepared in the form of a 

manuscript to be submitted to an international journal after submission of this thesis. In line 

with this, I have used plural personal pronouns and possessive forms. 

5.1. Abstract 

In this contribution, we use a new geospatial volcanic database to track late Cenozoic (<30 Ma) 

oroclinal bending of the 22.5-29°S segment of the Central Andes in western South America. A 

database of ~3,400 volcanic vents was classified by age into 1 Myr time bins, and their spatial 

densities modelled using elliptical Gaussian kernels. By calculating the azimuth of the major 

axis of each ellipse, and considering volcanic alignments over time, new inferences can be 

made into broader subduction tectonic processes. The azimuths range from 010° to 040°, which 

are also the prevailing strikes of major tectonic structures in the region. We observe a long-

term northing in the azimuth between these two extremes, which reflects a continuous 

clockwise rotation of the whole arc. This trend is uneven, and in particular interrupted by at 

least three stalling events at 28-25 Ma, 20-18 Ma, and 9-6 Ma, and one major reversal at 16-13 

Ma. The latter saw a ~12o anticlockwise rotation in primary vent alignments. This reflects the 

arrival and subduction of an oceanic hotspot track, the Juan Fernández Ridge. Our new 

cumulative rotation and average rotation rate estimates lie within ranges suggested by 

paleomagnetic and global positioning system data, respectively. The clockwise bending of the 

22.5-29°S segment appears to be ongoing. Our data suggest that the transient subduction of 

large hotspot tracks can temporarily alter the long-term geometric evolution of continental arc 

systems. 



 

90 
 

5.2. Introduction 

The Central Andes is an orogenic belt that runs along the western margin of South America 

between ~5° and 33°S. It is ~200-500 km wide on average, with its widest point at ~18-20°S, 

where the continental margin bends 60° to the west. This region is known as the Bolivian 

orocline (Fig. 5.1), and is attributed to a north-south horizontal shortening gradient that 

occurred between the Eocene and late Oligocene (45-25 Ma) (Isacks, 1988; Kley, 1999; 

Arriagada et al., 2008; Eichelberger and McQuarrie, 2015). The main pulse of orogenic 

deformation was accompanied by minor magmatic activity. This was caused by a long-lasting 

period of slab shallowing and flat-slab subduction located at ~14-20°S (James and Sacks, 1999; 

Martinod et al., 2020). The flat-slab event is attributed to the coeval and quasi-stationary 

subduction of three oceanic hotspot tracks: Taltal (TR), Copiapó (CR), and Juan Fernández 

(JFR) (Bello-González et al., 2018). A plate reorganization event triggered the migration of 

these three ridges to the south to their current positions at ~25.2°S (TR), ~27.3°S (CR), and 

~32.5°S (JFR) (Bello-González et al., 2018) (Fig. 5.1). 

In the 22.5-29°S segment, the southward migration of the JFR during the Miocene caused a 

transient broadening of the volcanic arc to reach 400 km-width (Allmendinger et al., 1997; 

Trumbull et al., 2006; Kay and Coira, 2009). This led to dramatic changes in mantle melt 

productivity, leading to a transcrustal magmatic system and the eruption of large-volume 

ignimbrites, mainly during the late Miocene-Pliocene (Kay and Coira, 2009; de Silva and Kay, 

2018). South of this segment, the quasi-stationary subduction of the JFR since >10 Ma 

generated the Pampean flat-slab segment (28-33°S) and is currently giving shape to the Maipo 

orocline (30-38°S) (Arriagada et al., 2013) (Fig. 5.1). 

The bending of the Bolivian orocline unravelled as a systematic pattern of anticlockwise and 

clockwise rotations was identified by paleomagnetic data north and south of ~18-20°S 

(Coutand et al., 1999; Lamb, 2001; Arriagada et al., 2003, 2006; Roperch et al., 2006). Its exact 

timing, however, remains debated. Paleomagnetic reconstructions suggest that most bending 

took place between 40 and 20 Ma, and younger rotation measured elsewhere is attributed to be 

of local origin (Somoza et al., 1999; Roperch et al., 2000, 2011; Arriagada et al., 2003; Barke 

et al., 2007). Geodetic data, on the other hand, suggest that the bending remains active today 

(Lamb, 2000; Allmendinger et al., 2005). In order to investigate this discrepancy and track the 

bending of the orocline over geologic time, we apply a different technique – analysis of the 

regional-scale alignment of volcanic vents over time. We hypothesise that the main azimuth of 
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the volcanic vents along an arc closely defines the orientation of the oceanic trench. Thus, any 

rotation in either the orientation of subduction or the overlying plate will be reflected in the 

volcanic pattern changing. By analysing the most comprehensive database of volcanic ages and 

vents in the 22.5-29°S segment of the Central Andes, we show that the southern part of the 

Bolivian orocline is still undergoing bending. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Location map at 1:30,000,000 scale, showing the main tectonic elements. JFR = Juan Fernández, TR 

= Taltal and CR = Copiapó ridges. The Central Andes (~5-33°S) is formed by the Central Volcanic Zone (CVZ) 

and the Peruvian and Pampean flat-slab regions. The locations of the Bolivian and Maipo oroclines are indicated. 

The black striped region delimits our study area between 22.5° and 29°S. The red triangles show the Pliocene and 

younger volcanoes of Siebert et al. (2010). NVZ = Northern, SVZ = Southern and AVZ = Austral volcanic zones. 
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5.3. Methods 

Volcanic vent locations are points, but their spatial distribution across broad areas are best 

represented as probability density functions. If treated as points, dominant alignment directions 

between volcanoes can be estimated using a range of geometric algorithms (e.g., Connor et al., 

1992; Cebriá et al., 2011). Alternatively, a bivariate Gaussian kernel density function for vent 

locations can be either circular or elliptical, depending on the scale and problem addressed. 

Elliptical kernels are far better suited to situations where structural settings exert a strong 

control on volcanism (e.g., rift settings or arcs) (Connor et al., 2018; Bertin et al., 2019). Using 

elliptical kernels, the strength of a dominant axis can be evaluated through differences in best-

fit settings from a circular case. Once the best-fit settings are established, the orientation or 

azimuth of the dominant ellipse axis can be examined in relation to other structural features in 

a region of interest (Connor et al., 2018). To obtain the dominant ellipse axes, the smoothing 

bandwidth matrices have to be calculated first. In such cases, the ĤPI,AMSE, ĤPI,SAMSE, and ĤSCV 

selectors are recommended as they provide the fastest convergence to an optimal bandwidth 

matrix (see Duong, 2005). 

The vent data were extracted from a new geospatial volcanic database for the 22.5-29°S 

segment of the Central Andes (Chapter 4). The database includes coordinates and age estimates 

(radiometric age + error, or stratigraphically estimated age ranges) for 3,428 late Cenozoic (<30 

Ma) volcanic vents. We grouped these vents in each of 30 one million-year time windows, 

according to their period of activity (base data is provided in Additional file 5.1). The 

information of each group was loaded into the statistical program ‘R’ 4 , and the three 

bandwidths describing optimum fit (Duong, 2005) were estimated by using the package ‘ks’ 

(Duong, 2021). The azimuth of the dominant axis of the Gaussian kernel density ellipse for 

each group was expressed as a mean and two standard deviations (Fig. 5.2a; Appendix 4, Table 

A4.1). 

 

 

 

                                                           
4 https://www.r-project.org 

https://www.r-project.org/
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Figure 5.2. Results of volcanic vent alignment analysis over 30 Ma in the 22.5-29°S segment of the Central 

Andes. Error bars show the 2σ uncertainty in the calculations. (a) Vent azimuths (°) versus vent ages (Ma), derived 

from vents grouped in 1 Myr bins. (b) Rotation rate (°/yr) versus time (Ma). Positive (negative) values indicate 

clockwise (anticlockwise) rotations. (c) Histogram of azimuths of the major tectonic structures identified in our 

study area, based on the structural data collated in the volcanic geodatabase (Chapter 4) (see Additional file 5.1). 
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5.4. Results 

Volcanic azimuths span the range 010-040° (Fig. 5.2a). There is an overall trend of change 

from a northeasterly (040°) orientation for 30 My-old vents, towards a northerly (010°) 

orientation at the present day (Appendix 4, Figs. A4.1-A4.4). If the orientation of the 

subduction is considered fixed (at say ~N-S to 010°) (Arriagada et al., 2008; Bello-González 

et al., 2018), then this data shows that the western margin of the overriding South American 

Plate has rotated clockwise through ~27° (mean rotation rate of ~0.9·10-6 degrees/yr). This 

rotation was temporarily interrupted and reversed several times. From 28-25 Ma there was a 

possible apparent anticlockwise rotation of ~3o, or at least a period when the clockwise rotation 

stalled (Fig. 5.2a). Another stalling of clockwise rotation (and a possible reversal of up to ~2o) 

occurred from ~20 to 18 Ma. Stalling occurred again at between 9 and 6 Ma, even noting large 

error ranges in some of these estimations. The most dramatic change of all occurred between 

16-13 Ma, with a ~13o anticlockwise rotation occurring, which also stands out when the rates 

of change are examined (Fig 5.2b; Appendix 4, Figs. A4.5-A4.8). 

5.5. Discussion 

5.5.1. Overall rotation trend 

At the latitude range covered by our study (22.5-29°S), paleomagnetic data show the largest 

clockwise rotations are recorded in Oligocene and older rocks (Arriagada et al., 2006; Roperch 

et al., 2006; Taylor et al., 2007; Somoza et al., 2015) (Fig. 5.3). Clockwise rotations of up to 

20° have been estimated in late Cenozoic (<30 Ma) rocks, but there are few determinations and 

uncertainties are extremely large (Fig. 5.3). The lack of a clear trend in the post 30 Ma 

paleomagnetic data has led many authors to consider local sub-regional processes dominated 

over this time (Coutand et al., 1999; Somoza et al., 1999; Prezzi and Alonso, 2002; Taylor et 

al., 2007). 

A limitation of paleomagnetic data is that it only records the cumulative rotation of the rock, 

not its rotation history over time, so that a range of rocks of different ages must be analysed 

(Somoza et al., 1999; Arriagada et al., 2003, 2006; Roperch et al., 2006). However, even in 

those cases the uncertainty of the paleomagnetic data is typically very high (e.g., Fig. 5.3). The 

vent alignment methodology presented in this study shows a new means for comparing relative 

rotations over time. 
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Figure 5.3. Paleomagnetically observed rotations plotted against latitude with pattern interpreted by Taylor et al. 

(2007). The main figure shows <30 Ma data, while the inset shows all data extending to 270 Ma. Vertical red lines 

show the latitude limits of our study area (22.5-29°S). In both figures, a third-order polynomial trend line was 

fitted to the data to show the anticlockwise-clockwise pattern identified in the region. 

 

The new data presented here, suggest that orogenic bending continues to the present day at a 

mean rotation rate of ~0.9·10-6 degrees/yr. This also fits with current patterns observed in global 

positioning system (GPS) data (~0.7·10-6 degrees/yr; Allmendinger et al., 2005). The arc 

segment analysed in our study spans ~65% of the clockwise-rotating domain postulated from 

paleomagnetic data (Fig. 5.3), which suggests regional processes are more likely than local-

scale mechanisms (e.g., intra-arc fault motions; Prezzi and Alonso, 2002). The 010° to 040° 

range in volcanic azimuths is also similar to the prevailing strikes of the major tectonic 

structures identified in the region (Fig. 5.2c; Additional file 5.1). Many of these structures may 

also be rotated, which was also suggested by Arriagada et al. (2003) by paleomagnetic 

techniques. This suggests that the whole region has been rotating as a coherent block. 

5.5.2. Uneven rates of rotation and the influence of hotspot ridge subduction 

A major feature of our vent-alignment analysis over time is the apparent stepwise nature of 

rotation. In particular there was a strong counter-rotation between 16-13 Ma (Figs. 5.2a and 

5.2b; Appendix 4, Figs. A4.5-A4.8). How do the rates of rotation and these perturbations relate 

to the subduction of hotspot ridges, in particular the JFR, the CR, and the TR? Two kinematic 

reconstructions (henceforth Model 1 and Model 2) recently provided for these three oceanic 
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ridges predict their migration history starting from ~120 Ma (Bello-González et al., 2018).   

Model 1 (Fig. 5.4a), shows that the JFR was subducting beneath the 22.5-29°S region between 

>30 and 16 Ma, it moved northward to ~22.5°S at ~22 Ma and from ~19 Ma rapidly southward 

to a stable latitude ~31-32°S from ~15 Ma to the present day. In this same model, the CR/TR 

mimic the JFR trend and move sharply southwards to intersect the study region at ~16 Ma 

before remaining stable from ~15 Ma. The rapid southerly shift of the hotspot ridges from 19 

to 15 Ma corresponds to the subduction of highly-oblique (NNE) ridge segments according to 

the Model 1 from Bello-González et al. (2018). The reversal seen in motion of our vent 

alignment data between 16-13 Ma could represent a surface response to this rapid migration 

that is delayed by ~2-3 Ma. 

Model 2 from Bello-González et al. (2018) (Fig. 5.4(b)), shows a steadier southward motion 

of the ridges, but the tracks of the hotspots diverge before ~17 Ma. The JFR first overlaps the 

region from ~26 Ma and then crosses north to south through the region from ~20 to 11 Ma, 

before lying to the south. The TR arrives to the region at ~11 Ma and tracks steadily at ~25°S 

from ~6 Ma. These show less correspondence with the vent alignment trends, although the 

highest rate of JFR southward motion occurs at 19-17 Ma, so a surface response delay of ~3-4 

Ma can be suggested. 

Our suggestion of the ridge subduction driving a wide rotational event in the Central Andes, is 

similar to the model proposed for south-central Peru under which the Nazca ridge (Fig. 5.1) 

has been subducting since ~10 Ma (Rousse et al., 2003). Currently, subduction of the JFR 

between 31° and 33°S has slightly rotated that region anticlockwise (Arriagada et al., 2013) 

(Fig. 5.1). Arriagada et al. (2013) also detected amplified clockwise rotations south of 33°S. 

This could reflect a quasi-stationary collision point for the ridge, and shows that the impact of 

ridges into subduction systems can be complex and spatially variable. This may help explain 

the transient interruptions to the overall rotation trend seen in our vent alignment data. They 

could also reflect major differences in subducted ridge properties (e.g., thinner portions, or 

zones lacking major edifices, vs thick areas with major seamounts, or subduction of highly 

oblique segments). 

We suggest to test this new methodology in other active oroclines with long-lasting volcanic 

activity (e.g., southern Peru, the Maipo orocline, the Arauco orocline, the Cascade arc, the 

Calabrian orocline). 
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Figure 5.4. Oceanic hotspot track (ridge) positions (latitude) versus time (Ma), based on two plate reconstruction 

models of Bello-González et al. (2018). JFR = Juan Fernández, TR = Taltal and CR = Copiapó ridges. Horizontal 

red lines show the latitude limits of our study area (22.5-29°S). Vertical dotted lines show the main rotational 

reversal, between 16 and 13 Ma. (a) Model 1 shows a parallel track for all three ridges, while (b) Model 2 depicts 

only two tracks and shows a more complex history with some internal Nazca Plate deformation before ~17 Ma. 

 

5.6. Conclusions 

We show that volcanic alignments can be effectively analysed over time along an arc setting, 

and provide a new tool for understanding collision histories and responses along continental 

margins. This is dependent on assembling detailed, well-dated databases of volcanic vents. 
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Here we show how a 30 Myr record of changing vent alignments can augment paleomagnetic 

data and demonstrate a rotational trend occurring in the 22.5-29°S portion of the Central Andes 

of South America. Our new data show an overall mean clockwise rotation of ~0.9 degrees/Ma 

since 30 Ma. However, this occurs in a stepwise pattern, with at least three stalling points and 

one major reversal of motion at ~16-13 Ma. The reversal corresponds with the sudden 

southward migration of the Juan Fernández Ridge. 
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Chapter 6. A probabilistic volcanic hazard assessment of the 

Central Volcanic Zone of Chile and Argentina (~22.5-29°S) 

This chapter presents a comprehensive long-term probabilistic volcanic hazard assessment for 

the 22.5-29°S segment of the Central Volcanic Zone of the Andes. It combines the data, 

methods, and results obtained in Chapters 3 and 4 in order to estimate regions of high spatial 

probability, volcanic event recurrence rates, and areas susceptible to volcanic flow and fall 

processes. Integrating these results, a probabilistic volcanic hazard map is obtained. This map 

is used to calculate a relative hazard exposure for population centres in the region. 

Recommendations on where to focus any major efforts towards improving volcanic hazard and 

volcanic vulnerability knowledge in the region are also indicated. This chapter is prepared in 

the form of a manuscript to be submitted to an international journal after submission of this 

thesis. In line with its manuscript format, I have used plural personal pronouns and possessive 

forms. 

6.1. Abstract 

We present a comprehensive long-term probabilistic volcanic hazard assessment for the 

Chilean-Argentinian segment of the Central Volcanic Zone of the Andes (~22.5-29°S). The 

research is based on the estimation of: 1) spatial probability zones for eruptive vents (based on 

kernel density estimation), 2) volcanic event recurrence rates (estimated from vent and volume 

data), and 3) areas susceptible to volcanic flow and fall processes (based on computer 

modeling). Integrating these results, we produce a probabilistic volcanic hazard map. We also 

calculate the relative probabilities of population centres in the area of being affected by any 

volcanic process. Touristic towns such as La Poma (Argentina), Toconao (Chile), Antofagasta 

de la Sierra (Argentina), Socaire (Chile), and Talabre (Chile) are exposed to the highest relative 

volcanic hazard. Many of the eruptive centres within the highest spatial probability zones 

identified in this study have poorly known eruption histories and should be targeted for future 

work. These regions of high spatial probability also suggest previously undocumented regions 

of high magmatic flux in this complex region. 

6.2. Introduction 

The southernmost segment of the Central Volcanic Zone of the Andes straddles Chile and 

Argentina between ~22.5-29°S (Fig. 6.1). This volcanic province includes the site of one of the 
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largest Holocene explosive eruptions in the world, at ~4.2 ka BP from the Cerro Blanco 

Volcanic Complex (CBVC; 26.8°S/67.7°W). The VEI 7 Cerro Blanco eruption has fallout 

deposits identified >400 km from the source (Báez et al., 2015, 2020a; Fernández-Turiel et al., 

2019). At least two additional tephras <1 ka BP were likely sourced from an unknown volcano 

west of the CBVC (Sampietro-Vattuone et al., 2018, 2020; Fernández-Turiel et al., 2019). The 

only confirmed historical (i.e., post 1750 AD) eruptions in this volcanic segment occurred at 

Láscar (23.4°S/67.7°W), with the largest event (VEI of 3-4) in April 1993 (Gardeweg and 

Medina, 1994). Much of the volcanic history of this area is unknown, but many 

morphologically young volcanic features occur throughout the region (de Silva and Francis, 

1991). 

Eruption histories of few volcanoes in the region have been studied (e.g., Naranjo, 2010; 

Gardeweg et al., 2011; Norini et al., 2014; Grosse et al., 2018; Bustos et al., 2019). Also, 

specific vents at Láscar, Lastarria, Tuzgle, Socompa, and the CBVC are known to pose high 

hazard (Perucca and Moreiras, 2009; Amigo et al., 2012; Gardeweg and Amigo, 2015; 

Elissondo et al., 2016). However, these vents are a small fraction of the hundreds of known 

vents in the area. The large gap in information on these other known vents has hindered 

systematic regional hazard assessment. Recent studies have begun to assess specific hazard 

processes in this area, including: pyroclastic density currents (PDCs) (CBVC; Báez et al., 

2020a,b), ballistic projectiles (Láscar; Bertin, 2017), lava flows (Chorrillos and San Gerónimo; 

Fernández-Turiel et al., 2021), debris flows (Lastarria; Rodríguez et al., 2020), and tephra fall 

(CBVC; Fernández-Turiel et al., 2019). Building on this, a regional volcanic hazard assessment 

is needed. This is especially pertinent due to the tourism industry that has developed in the 

region, particularly in San Pedro de Atacama (Chile) and Antofagasta de la Sierra (Argentina), 

in the northern and southern extremes of the region, respectively. 

Here, we merge the MatHaz tool of Bertin et al. (2019) with a new volcanic geospatial database 

(Chapter 4) to generate the first probabilistic spatio-temporal volcanic hazard assessment for 

the ~22.5-29°S segment of the Central Volcanic Zone. From this, we identify the most likely 

regions to host future volcanic activity, and delineate areas affected by PDCs, ballistic 

projectiles, lava flows, debris flows, and tephra fallout. In addition, we evaluate the relative 

volcanic hazard for all the settlements in the region. 
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6.3. Geological setting 

The ~22.5-29°S segment of the western margin of South America is part of the Central 

Volcanic Zone (CVZ) of the Central Andes (Stern et al., 2007) (Fig. 6.1). The CVZ runs 

between ~13-29°S, and includes active volcanoes of southern Peru, northern Chile, western 

Bolivia and northwestern Argentina. The Central Andes is an orogenic belt between ~5-33°S 

that includes the CVZ and two flat slab segments (Peruvian to the north and Pampean to the 

south) (Fig. 1). Volcanism of the Central Andes can be traced as far back as the Early Jurassic 

(190-180 Ma; Parada et al., 2007; Ramos, 2009) or even earlier (Jara et al., 2021a). Events 

were semi-continuous throughout this time period, and its front migrated inboard from the 

Coastal Cordillera (Early Jurassic-Late Cretaceous arc) to the Precordillera (Late Cretaceous-

Paleogene arc), and then to the Western Cordillera (Neogene-Quaternary arc) (James and 

Sacks, 1999; Haschke et al., 2002; Charrier et al., 2007; Hoke and Lamb, 2007). During the 

middle Miocene, the volcanic activity extended to the east across much of the Altiplano-Puna 

- a hinterland plateau. Volcanism retreated to the Western Cordillera during the upper Miocene 

and Pliocene, especially north of ~24°S (Coira et al., 1993; Allmendinger et al., 1997; Trumbull 

et al., 2006; Kay and Coira, 2009). 
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Figure 6.1. Morphotectonic regions of the Central Andes labelled and indicated by gradational colours. Inset 

shows South America, as well as the main tectonic plates, oceanic ridges, volcanic zones and flat slab segments. 

JFR = Juan Fernández Ridge, TR = Taltal Ridge, and CR = Copiapó Ridge. NVZ = Northern, CVZ = Central, 

SVZ = Southern and AVZ = Austral volcanic zones. White rectangle in the main figure indicates our study area. 

Grey triangles in the main figure, and red triangles in the inset, correspond to the Pliocene and younger volcanoes 

according to Siebert et al. (2010). 
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The magmatic broadening and narrowing event is linked to a transient shallowing of the 

subduction zone due to the passage of the Juan Fernández Ridge (JFR) (Trumbull et al., 2006; 

Kay and Coira, 2009; Freymuth et al., 2015; de Silva and Kay, 2018). This ridge, along with 

the Taltal (TR) and Copiapó (CR) oceanic ridges, earlier caused a flat slab event that affected 

a large segment of the Central Andean margin centred on ~18-20°S during the Eocene-

Oligocene (45-25 Ma) (James and Sacks, 1999; O’Driscoll et al., 2012; Bello-González et al., 

2018; Martinod et al., 2020). Plate reorganization triggered the migration of these ridges to the 

south (Bello-González et al., 2018). The passage of the JFR was followed 5-10 Myr later by a 

period of high-flux magmatism (Beck et al., 2015; Freymuth et al., 2015; Brandmeier and 

Wörner, 2016), which resulted in an ignimbrite province (de Silva, 1989; Kay et al., 2010; 

Salisbury et al., 2011). If this pattern continues, an increased magmatic flux could be expected 

in the ~25-27.5°S segment over the next few Myr (Trumbull et al., 2006; Kay and Coira, 2009; 

Beck et al., 2015; Ward et al., 2017; Pritchard et al., 2018). Along with the arc narrowing, back-

arc mafic magmatism also occurred in this region in response to lithospheric foundering events 

(Kay et al., 1994; Risse et al., 2013; Maro et al., 2017b).  Collectively all of these processes 

meant that volcanism was controlled by a range of varying tectonic processes (e.g., Tibaldi et 

al., 2017; Naranjo et al., 2018; Morfulis et al., 2020). 

Láscar is, by far, the most active volcano in this segment of the CVZ (Fig. 6.2), with 34 

eruptions recorded between 1848 and October 2015 (Casertano, 1963; González-Ferrán, 1995; 

Petit-Breuilh, 2004; Global Volcanism Program, 2016). Láscar has also produced the only VEI 

3-4 volcanic eruption in this region in the historical record (since 1750 AD), in April 1993. 

Other volcanoes with unconfirmed historical eruptions include: Llullaillaco, with seven events 

between 1854 and 1960 (Casertano, 1963; Petit-Breuilh, 2004); Púlar-Pajonales, one event in 

April 1990 (Global Volcanism Program, 1991); Aracar, one event in March 1993 (Global 

Volcanism Program, 1993a); Ojos del Salado, one event in November 1993 (Global Volcanism 

Program, 1993b); and Chiliques, one thermal hotspot in January 2002 (Global Volcanism 

Program, 2002). Four volcanoes host long-term active fumarolic activity: Alitar, Láscar, 

Lastarria, and Ojos del Salado (de Silva and Francis, 1991; González-Ferrán, 1995), four are 

actively deforming: Lastarria, Cordón del Azufre, Cerro Bayo, and CBVC (Pritchard and 

Simons, 2002; Henderson and Pritchard, 2013), and nine have shown thermal anomalies 

detected by infrared satellite imagery: Licancabur, Alítar, Láscar, Chiliques, Púlar-Pajonales, 

Lastarria, Sierra Nevada, Falso Azufre, and Ojos del Salado (Jay et al., 2012). Of these, only 

two volcanoes, Láscar and Lastarria, are currently actively monitored. 
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Figure 6.2. The Central Volcanic Zone of Chile and Argentina (~22.5-29°S). Yellow triangles correspond to the 

Pliocene volcanoes according to Siebert et al. (2010). Red triangles indicate the Quaternary volcanic centres in 

the region. All the volcanoes of interest are labelled. 
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6.4. Methods 

Volcanic hazard assessments for specific segments of the CVZ (Perucca and Moreiras, 2009; 

Amigo et al., 2012; Ayala, 2014; Macedo et al., 2016) have thus far not taken eruptive 

likelihood into account. This can be incorporated by considering the volcanism as distributed 

(e.g., Martin et al., 2004; Alcorn et al., 2013; Bartolini et al., 2014; Becerril et al., 2014; Nieto 

Torres and Martin Del Pozzo, 2019). Distributed volcanism is most commonly associated with 

monogenetic fields, where each event occurs in a unique location (e.g., Németh, 2010; 

Bebbington and Cronin, 2011; Le Corvec et al., 2013; Valentine and Connor, 2015; Connor et 

al., 2018). The same approach, however, was also applied to estimate the spatial hazard of 

combined monogenetic and polygenetic volcanism for the Tohoku Volcanic Arc, Japan by 

Martin et al. (2004). Following the Martin et al. (2004) approach, we classified the volcanic 

vents in a new comprehensive database of this part of the CVZ (Chapter 4) according to their 

category: monogenetic (single event in unique site), transitional-polycyclic (multiple events 

but each with a unique magma driver), or polygenetic (multiple events driven by a long-lived 

magmatic feeding system) (Németh and Kereszturi, 2015) (Appendix 6, Table A6.1). For each 

vent type, we estimated an average number of eruptions for a fixed time interval, and grouped 

all the events by age into 36 time bins of 1 Myr each. We concentrated our analysis on the last 

36 Ma, postdating the latest migration of the magmatic arc. 

In order to build the most complete model of volcanic vents from the volcanic geospatial 

database (Chapter 4), vents were estimated for those volcanic features (479) without an evident 

source location at their geometric centres. Hence, 3,429 vents were identified in total. For every 

volcanic vent, a maximum and a minimum age was estimated. For vents lacking ages, 

estimations were based on the ages of the adjoining volcanic features with a stratigraphic 

relationship. If this was not possible, a broad estimate was made, based on the ages of 

neighbouring features with similar geomorphic preservation. The final volcanic vents layer is 

available in Additional file 6.1. 

6.4.1. From vents to events 

Even for monogenetic vents, it is not certain that each volcanic vent represents a single event 

(e.g., Runge et al., 2014; Báez et al., 2016; Bevilacqua et al., 2017; Connor et al., 2018; Gallant 

et al., 2018). This uncertainty, along with the possibility of buried vents, can be examined 

through statistical (e.g., Runge et al., 2014) and morphometric (e.g., Nieto-Torres and Martin 
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Del Pozzo, 2019), and spatio-temporal clustering (e.g., Gallant et al., 2021) techniques. Due to 

the large area of this study and the availability of age/volume information in the database, we 

applied an alternative approach. For each volcanic feature (excluding ignimbrite deposits), a 

specific volume was estimated from the known ranges within the database assuming a uniform 

distribution. These were summed to estimate a total erupted volume. Using a Monte Carlo 

approach, the estimations were repeated 106 times, with a total volume range between 15,800 

and 16,400 km3. This volume range was used to test vent-to-events ratios assuming the 

following: 1) every volcanic event had a volume of 0.1 km3, which is the total dense rock 

equivalent (DRE) volume calculated for the Láscar 1993 eruption (Calder et al., 2000; 

Gardeweg et al., 2011); and 2) a fixed time interval of 10 kyr from 36 Ma to present, resulting 

in 3,600 time bins. Monogenetic vents were assumed to have only one eruption, polycyclic 

vents were assumed to have one eruption every 10 kyr for their lifetime, but polygenetic 

eruption rates were unknown. Hence, we estimated the polygenetic eruption rate by dividing 

the total erupted volume by 0.1 km3 and subtracting the monogenetic and polycyclic events. 

Running this model 104 times led to estimation of a rate of 0.4435 events per 10 kyr per 

polygenetic vent. Appling this model to all post-10 ka active vents, an estimated 44.39 to 48.29 

events occurred, i.e., a 207 to 225 year interval between 0.1 km3 DRE events, which is 

reasonable considering the historical record of VEI≥3 eruptions in the zone. Vent-to-event 

conversion rates were calculated for each vent type. After extrapolating all the events for a 1 

Myr interval, polygenetic vents were assigned 44.35 events per vent, polycyclic vents 25.19 

events per vent, and monogenetic vents a single event each. 

6.4.2. Base data 

We grouped all polygenetic and polycyclic vents into their respective time bins, whereas 

monogenetic vents were included only in a single bin (Additional file 6.2). Age ranges were 

rounded to each integer (e.g., a 19.3 to 15.7 Ma vent occurs within the 19-18 Ma, 18-17 Ma, 

and 17-16 Ma time bins). In parallel, we compiled 135 ASTER GDEM v3 files (Advanced 

Spaceborne Thermal Emission and Reflection Digital Elevation Model5). Each one square 

degree tile has an average spatial resolution of ~30 m and a vertical accuracy of 7 to 14 m. 

Using Global Mapper v186, we clipped out the region inside 22-30°S/70-64°W, and exported 

the resulting figure as an Excel file. In order to generate a manageable file (<10 Mb), we had 

                                                           
5 https://search.earthdata.nasa.gov 
6 https://www.bluemarblegeo.com/global-mapper/ 

https://search.earthdata.nasa.gov/
https://www.bluemarblegeo.com/global-mapper/
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to reduce the spatial resolution to 1,000 m (Additional file 6.3). Its pixel size was used to 

slightly adjust the coordinates of each vent to make them compatible with the grid (see Bertin 

et al., 2019). Finally, both files (i.e., topography and vent data) were loaded in MatHaz. 

6.4.3. Spatio-temporal assessment 

MatHaz provides a semi-automated probabilistic volcanic hazard assessment in regions 

characterized by distributed volcanism (Bertin et al., 2019) (see Appendix 5 for a complete 

description of the methodology followed here). Spatial analysis was conducted using a 

Gaussian kernel function, which transforms the point locations of volcanic events during every 

time slice into a 2D probability density function (PDF) (e.g., Connor et al., 2018). Analysis of 

the time-variability assumed that: 1) events were ~0.1 km3 DRE, with a mean recurrence rate 

of 46.34 events/10 kyr; and 2) the probability of at least one volcanic event was calculated. 

Spatial and temporal data are assumed to be independent (e.g., Connor et al., 2013), so 

multiplying them together was used to obtain the spatio-temporal matrix. The spatial 

probability at present can be calculated based on the full 36 Ma record of volcanic activity. The 

probability of at least one volcanic event within a specific area for a specific forecasting time 

interval is obtained by integrating the spatio-temporal matrix over a finite region. In order to 

work with a cumulative probability as close to 1 as possible, a period of 10,000 years is a 

suitable forecasting time interval. 

6.4.4. Volcanic processes/hazards 

The most abundant volcanic processes in this study area are: PDCs, ballistics, lava flows, debris 

flows, and tephra fallout. We did not model debris avalanches because correlation with eruptive 

activity is unclear (e.g., van Wyk de Vries et al., 2001; Norini et al., 2020). MatHaz uses an 

energy cone model for PDCs (Malin and Sheridan, 1982), a two-dimensional analytical model 

for ballistics (Bertin, 2017), a flow inundation model for lava flows and debris flows (Connor 

et al., 2012), and a two-segment linear approximation for tephra fall (Fierstein and Nathenson, 

1992). The input parameters of each model (e.g., volumes, thicknesses) were extracted from 

the volcanic database (Chapter 4) and modeled as normal, lognormal or uniform distributions 

(Appendix 5; Appendix 6, Figs. A6.1-A6.6). The input parameters of each simulation were 

randomly sampled from these distributions. We ran simulations for as many different source 

locations as possible, which were then weighted, summed, and normalized to obtain the 

probabilistic zoning for each volcanic process (cf. Bertin et al., 2019). We repeated this 
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exercise ten times for each volcanic process to compare the outputs, finding that probabilities 

above ~10-6 can be confidently defined (Appendix 6, Figs. A6.7-A6.10). Finally, we combined 

the five modeling results into a single map with an even weighting for each volcanic process. 

6.5. Results 

6.5.1. Spatial analysis 

Four snapshots of the 36 Myr period spatial probability maps, at 29, 16, 11 and 0 Ma (Fig. 6.3) 

highlight the major shifts in the spatial patterns of volcanic activity. Using the 10-6 probability 

isocontour as a conservative boundary of volcanism at any time, at 29 Ma widespread 

volcanism began in the region (Fig. 6.3a), with an abrupt eastward broadening of activity at 16 

Ma (Fig. 6.3b). The broadest volcanic footprint (~400 km) occurred in the southern half of the 

study area at 11 Ma (Fig. 6.3c), and the narrowest (~100 km) is taking place at present in the 

centre of the region (Fig. 6.3d). Other features (illustrated in Additional file 6.4) include: an 

absence of volcanism north of ~26.5°S until 30 Ma, a magmatic lull north of ~26°S between 

26 and 24 Ma, two pulses of increased volcanism at 14 and 12 Ma, a ~50 km eastward migration 

south of ~24.5°S between 12 and 6 Ma, a small westward retraction north of ~24.5°S since 6 

Ma, and a magmatic gap on the arc at ~25.5-26°S since 5 Ma. 

Most of the current volcanic activity in the region is represented by a well-defined magmatic 

arc and small clusters of back-arc activity (Fig. 6.3d). In addition, five regions of high spatial 

probability (above 10-5), which can be more clearly identified in a cumulative spatial 

probability map (Fig. 6.4), are identified. These can be categorised as: 

1) Láscar cluster is N-S oriented and includes the: Láscar, Colachi, Acamarachi, 

Chiliques, and Caichinque stratovolcanoes, the Alítar maar, the Chascón and Aspero 

domes, and the Chalviri and Puntas Negras volcanic chains. 

2) Socompa cluster is roughly circular and includes the Socompa stratovolcano, the Púlar-

Pajonales volcanic complex, and numerous distributed lava flows and cinder cones 

around Socompa. 

3) Lazufre cluster is elliptical and includes the Lastarria, Cordón del Azufre, and Cerro 

Bayo stratovolcanoes. 
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4) Incahuasi cluster is the largest and includes several stratovolcanoes and volcanic 

complexes that straddle the Chile-Argentina border, such as Ojos del Salado, Tres 

Cruces, El Fraile, Falso Azufre, El Cóndor, and Peinado. 

5) The Antofagasta cluster (east of Incahuasi) is the least distinct, and includes the CBVC 

and several monogenetic mafic centres and isolated lava flows. 

Figure 6.3. Spatial probability maps for our study area at different time intervals: (a) 29 Ma; (b) 16 Ma; (c) 11 

Ma; and (d) Present. Probability density functions were obtained after applying the kernel density estimation 

method (see Appendix 5) and are shown as probability isocontours on a logarithmic scale. Coordinate grid is in 

UTM units (zone 19S) as MatHaz works in a plane coordinate grid system. The political border between Chile, 

Argentina and Bolivia is depicted for reference (blue line). Legend units are events/km2. The complete set of 

figures and an animation are within Additional file 6.4. 
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Figure 6.4. Spatial probability map, calculated for the present time based on Fig. 6.3d. In this figure, probabilities 

are shown as cumulative; for instance, the 0.5 isocontour means that given a volcanic event, there is a 50% chance 

it will occur within the areas defined by that isocontour. The locations of the five clusters defined here are 

indicated. 

6.5.2. Spatio-temporal analysis 

Two spatio-temporal probabilistic maps, generated at 10 and 1,000 years (Figs. 6.5a and 6.5b), 

show broadly similar areas of event location, with cumulative probabilities of ~5 and ~99%, 

respectively. By inspecting the complete set of maps, generated for forecasting time intervals 

varying from 1 to 10,000 years (Additional file 6.5), a probability of 50% of at least one 0.1 

km3 eruption anywhere in the study area, is estimated within ~150 years after the last event 

(1993 AD). The cumulative spatio-temporal probability curve over time is shown in Fig. 6.6. 
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Figure 6.5. Spatio-temporal probability maps for our study area at different forecasting time intervals. 

Probabilities were calculated after multiplying the spatial probability map shown in Fig. 6.3d by the event 

recurrence rate modeled as a power law process. Cumulative probabilities of occurrence of at least one Láscar 

1993-like (i.e., 0.1 km3) eruption were calculated for the next: (a) 10 years, and (b) 1,000 years, with 1993 taken 

as ‘year zero’. Legend units are events/time interval/km2. The political border between Chile, Argentina and 

Bolivia is depicted for reference (blue line). The complete set of figures and an animation are within Additional 

file 6.5. 

 

Figure 6.6. Cumulative spatio-temporal probability of occurrence versus forecasting time interval for a Láscar 

1993-like (i.e., 0.1 km3) eruption occurring at any location, with 1993 taken as ‘year zero’. The curve was 

calculated for a mean recurrence rate of 0.0046 events per year. Ranges of probabilities (black intervals) are 

illustrated at specific times for the whole recurrence rate calculated, which varies between 0.0044 and 0.0048 

events per year. 
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6.5.3. Probabilistic hazard analysis – Process based 

A probabilistic hazard map for PDCs and ballistics (Figs. 6.7a and 6.7b) generally mimics the 

spatial distribution of volcanism, due to the simple modelling approaches. The lowlands within 

20-30 km of the most active volcanic regions and centres show the greatest relative PDC 

hazards (cf., Fig. 6.7f). The highest (~10-4) probabilities for PDCs occur along the northern 

flanks of Ojos del Salado and El Muerto volcanic complexes (Incahuasi cluster). The PDC 

hazard related to back-arc volcanic centres, such as the CBVC and the Tuzgle stratovolcano, 

have probabilities up to 1.5 orders of magnitude lower than those estimated for the volcanic 

arc. 

The lava flow and debris flow probabilistic hazard maps (Figs. 6.7c and 6.7d) highlight the 

influence of topography. The highest lava flow probabilities (>10-4) occur within depressions 

or valleys, e.g., lava flow hazard appears highest at 5-15 km from the summits of typical 

stratovolcanoes. Despite a similar general appearance in the figure scale, the debris flow 

probabilistic hazard map (Fig. 6.7d) highlights twice as many small ravines and catchments 

than the lava flow assessment. This due to the lower aspect ratio (higher dispersal) of debris 

flows in general. Consequently, debris flow hazards extend up to 30-40 km from the major 

summits. The highest lava flow and debris flow probabilities (>10-4) occur between the Ojos 

del Salado and Falso Azufre volcanic complexes, and between the El Cóndor and Peinado 

stratovolcanoes (Incahuasi cluster). Also highlighted by this analysis are moderate probability 

(~10-5) zones running along the main river valleys that drain the Puna plateau towards the 

foreland. 

Tephra hazards (Fig. 6.7e) are greatest in the prevailing downwind areas to the east of the main 

volcanic vents. The individual influence of each volcanic cluster is well defined at probabilities 

>10-5 (cumulative probability of ~50%), but they merge at probabilities <10-5.5. The extent of 

the 10-5.5 probability east of the main arc clusters are due to the influence of the back-arc 

Antofagasta cluster, as well the back-arc Tuzgle stratovolcano and nearby monogenetic centres. 

The Incahuasi cluster generates the highest tephra probabilities (~10-4.5) between the El Fraile 

volcano and the Falso Azufre volcanic complex. 
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Figure 6.7. Probabilistic volcanic hazard maps for the Central Volcanic Zone of Chile and Argentina (~22.5-29°S), obtained after empirical, semi-empirical or analytical 

modeling of: (a) PDCs, (b) Ballistic projectiles, (c) Lava flows, (d) Debris flows, and (e) Tephra fallout, based on the spatio-temporal probability assessment for a forecasting 

time interval of 10,000 years. Legend shows the probability of a specific area be affected by a given volcanic process during the next 10 kyr. Light blue lines drawn in each 

legend depict the 50% boundary, which means that if a given volcanic process occurs, there is a 50% chance it will occur within the area defined by that boundary. (f) Depicts 

the Quaternary volcanoes of Fig. 6.2 as well as the approximate boundary of each volcanic cluster, based on Fig. 6.4, which can be used to compare with the hazard zones 

defined in Figs. 6.7a-e.
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6.5.4. Integrated hazard map 

Integrating the individual volcanic processes (Fig. 6.8a) with an even weighting shows that 

most of the late Cenozoic volcanism is included within the 10-7 probability isocontour. This 

defines an overall ~700 km-long and ~300 km-wide NNE oriented ellipse. At higher hazard 

zones, patterns are more complex. The 10-6 isocontour includes most Quaternary volcanic 

products, that of 10-5.5 encloses most late Pleistocene-Holocene products, while all volcanic 

clusters are included within the 10-5 isocontour. The 10-4.7 isocontour defines the 50% 

boundary. Probabilities >10-4 are only found in very small regions related to the Láscar, Lazufre 

and Incahuasi volcanic clusters. The highest probability calculated, 10-3.5, occurs midway 

between the Ojos del Salado and Falso Azufre volcanic complexes, in the Incahuasi cluster. 

Classifying probabilities as percentiles (Fig. 6.8b), three relative hazard zones are defined: high 

(0-25%; >10-4.4), moderate (25-50%; 10-4.7-10-4.4), and low hazard (50-75%; 10-5.2-10-4.7). This 

zoning is shown using the Color Brewer tool (Brewer et al., 2013) (see also Appendix 6, Figs. 

A6.11-A6.15 for zoomed-in excerpts that highlight each cluster). 

6.6. Discussion 

6.6.1. Coupling the volcanic hazards assessment with exposure information 

The integrated volcanic hazards (Fig. 6.8a) are used to calculate the relative hazard of the 692 

settlements in the region (from INDEC, 2010; INE Chile, 2017) (see Table 6.1 for the top 20; 

Additional file 6.6 for the complete list). Most of the 10 settlements with the highest relative 

hazard are small villages/hamlets, administration buildings, mountain camps or mining camps 

(Table 6.1). Touristic villages Antofagasta de la Sierra, El Peñón, and La Poma, rank 14th, 15th 

and 18th, respectively. More populous touristic towns such as San Antonio de los Cobres, in 

Argentina, and San Pedro de Atacama, in Chile, rank 23rd and 62nd, respectively. The three 

highest hazard ranked provincial capitals are Salta (177th), San Salvador de Jujuy (219th), and 

San Miguel de Tucumán (353rd), in Argentina. For Chile, the three highest-hazard ranked cities 

are El Salvador (357th), Diego de Almagro (433rd), and Calama (642nd). The probability of a 

specific location to be affected by any volcanic process can also be compared to the spatial 

probability of a volcanic event occurring directly at that location (Fig. 6.9). Some settlements 

have low spatial probabilities of hosting a volcanic event, but higher probabilities of being 

affected by any volcanic process (especially tephra fall). 
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Figure 6.8. (a) Integrated quantitative volcanic hazard map, constructed by adding each probability map (Figs. 

6.7a-e), weighted evenly. Legend shows the probability of a specific area be affected by any of the five volcanic 

processes during the next 10 kyr. Light blue line drawn in the legend depicts the 50% boundary, which means that 

if a given volcanic process occurs, there is a 50% chance it will occur within the area defined by that boundary. 

(b) Integrated volcanic hazard map, based on the results obtained in Fig. 6.8a, but applying three cumulative 

probability intervals: 0-25%, 25-50%, and 50-75%, interpreted as relatively high, moderate, and low hazard 

regions, respectively. Cumulative probability is truncated at a maximum value of 75%. These three zones were 

passed through the Color Brewer tool (Brewer et al., 2013). Zoomed-in excerpts highlighting some key regions 

are shown in Appendix 6, Figs. A6.11-A6.15. 

 

Figure 6.9. Probability of a volcanic event occurring at any of the 692 populated sites in the volcanic region over 

the next 10 kyr, plotted against the probability that this location is affected by any volcanic process over the same 

period. Red dots highlight the settlements described in the text. 
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Table 6.1. The 20 settlements most likely to be affected by any volcanic process should an eruption occur in the 

study region. For the complete list of settlements analysed, the reader is referred to Additional file 6.6. 

Locality Country Latitude (°) Longitude (°) Spat. Prob1 Haz. Prob2  

Ojos del Salado Chile -26.931 -68.592 6.1·10-5 7.5·10-5  

Las Grutas Argentina -26.911 -68.131 9.0·10-7 5.3·10-5  

Talabre Chile -23.316 -67.886 1.1·10-5 2.9·10-5  

Tilomonte Chile -23.793 -68.108 3.2·10-5 2.7·10-5  

Socaire (village) Chile -23.595 -67.887 9.5·10-6 2.2·10-5  

Socaire (customs office) Chile -23.824 -67.442 4.6·10-7 2.1·10-5  

Las Papas Argentina -26.987 -67.782 5.2·10-8 1.8·10-5  

Socompa Chile -24.451 -68.289 7.5·10-6 1.8·10-5  

El Laco Chile -23.863 -67.491 6.7·10-7 1.7·10-5  

Peine Chile -23.685 -68.058 2.7·10-5 1.6·10-5  

Soncor Chile -23.330 -67.932 6.4·10-6 1.5·10-5  

Camar Chile -23.405 -67.958 6.8·10-6 1.2·10-5  

Punta del Agua Argentina -27.210 -67.731 3.0·10-9 1.2·10-5  

Antofagasta de la Sierra Argentina -26.060 -67.406 9.1·10-6 1.1·10-5  

El Peñón Argentina -26.478 -67.263 1.6·10-5 1.1·10-5  

Toconao Chile -23.193 -68.006 1.9·10-6 1.0·10-5  

Los Balverdi Argentina -28.276 -67.107 5.6·10-16 1.0·10-5  

La Poma Argentina -24.712 -66.199 5.7·10-7 9.6·10-6  

Fiambalá Argentina -27.656 -67.608 1.4·10-11 9.1·10-6  

Medanitos Argentina -27.523 -67.580 1.8·10-10 6.9·10-6  

1 Probability of a volcanic event taking place in the settlement over the next 10 ky 

 

 

2 Probability that the settlement is affected by any volcanic process over the next 10 ky 

 

 

 

These results could be useful for prioritizing hazard mitigation actions, or more detailed 

location-specific vulnerability analysis, such as that of Reyes-Hardy et al. (2021) examining 

settlements in relation to Guallatiri volcano (18.5°S/69°W). 
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6.6.2. Volcanic clusters and subvolcanic processes 

In our study region, geophysically imaged partial melt bodies (Fig. 6.10) identify transcrustal 

thermal anomalies related to lithospheric foundering, or shallow (~2-10 km) magma 

reservoirs/geothermal fields (Ward et al., 2013, 2017; Pritchard et al., 2018). These include the 

Altiplano-Puna Magma Body (~21-24°S; Chmielowsky et al., 1999; de Silva et al., 2006; Ward 

et al., 2014; Pritchard et al., 2018). This is a ~500,000 km3 mid-crustal body with an average 

15-22% partial melt (Schilling et al., 2006; Ward et al., 2013; Comeau et al., 2016; Pritchard 

et al., 2018). The Láscar volcanic cluster is located in its southern portion, also noted by Díaz 

et al. (2012) using magnetotelluric data. The Láscar cluster identified here may represent a 

subdomain of the broader magma body with higher partial melt fractions. The Socompa cluster 

identified here lies outside the known boundaries of the Altiplano-Puna magma body to the 

south and may either represent a previously unknown southern extension of it, or a small zone 

of recent lithospheric delamination (Beck et al., 2015; DeCelles et al., 2015b; Schoenbohm and 

Carrapa, 2015). 

Further south, the Southern Puna Magma Body (~25-27.5°S; Bianchi et al., 2013; Delph et al., 

2017, 2021; Ward et al., 2017) comprises at least four mid-to-upper crustal separate magma 

bodies with a cumulative volume of ~90,000 km3 (Fig. 6.10). The Lazufre and Incahuasi 

volcanic clusters identified here, overlap with the known magma bodies, although the latter 

volcanic cluster is much larger than the magma body identified. The Incapillo-Bonete and 

Cerro Galán magma bodies are not marked by volcanic clusters. The Cerro Galán magma body 

is related to the ~2 Ma homonymous ignimbrite (460-860 km3 DRE; Folkes et al., 2011; Kay 

et al., 2011, Delph et al., 2017), but there has been no late Pleistocene-Holocene volcanic 

activity at this centre. The Incapillo-Bonete magma body is deeper than the others (~30-50 km) 

and may need to grow or rise before high-flux magmatism starts (Ward et al., 2017). The 

Antofagasta volcanic cluster identified here is not associated with a previously defined magma 

body nor mid-to-upper crustal region of partial melt (Ward et al., 2017). 

Surface thermal anomalies detected through infrared satellite imagery occur at nine volcanoes: 

Licancabur, Alítar, Láscar, Chiliques, Púlar-Pajonales, Lastarria, Sierra Nevada, Falso Azufre, 

and Ojos del Salado (Jay et al., 2012). Of these, all but Licancabur are either on or near the 

edges of the volcanic clusters identified here, and four of them (Alitar, Láscar, Lastarria and 

Ojos del Salado) host permanent fumarolic activity. Volcanoes analysed by Jay et al. (2012), 

however, were only those selected from the Siebert and Simkin (2002-2010) catalogue, so some 
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volcanoes with the potential for thermal anomalies (i.e., with crater lakes and/or sulphur 

deposits) were not analysed (e.g., Chalviri, Tres Cruces, CBVC, El Fraile, El Muerto). Some 

of those volcanoes should be the focus of future studies as they lie within the clusters identified 

here. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10. The approximate extent of the five clusters identified in this work (black striped regions; based on 

the 0.6 probability isocontours (from Fig. 6.4), along with mid-to-upper crustal partial melt bodies identified in 

the region by Ward et al. (2017) (red striped labelled regions; APMB: Altiplano-Puna Magmatic Body). Yellow 

triangles correspond to the Pliocene and younger volcanoes included in Siebert et al. (2010). Red triangles with 

thick white outlines indicate the Quaternary volcanic centres in the region. 
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6.6.3. New insights into the volcanic history of the region 

The spatial analysis of the last 36 Myr of volcanism developed here helps to refine the timing 

and location of magmatic hiatuses proposed for the region. The 28-20 Ma magmatic lull of Kay 

and Coira (2009) between 22.5-24°S was likely much shorter (26-24 Ma) and broader (22.5-

26°S). The 20-17 Ma magmatic gap at 26-28°S suggested by Mpodozis et al. (1995) is not 

evident in our model. South of 28°S, we recognize the magmatic gap from 9 Ma identified by 

Kay et al. (1991), however, we suggest it started at 15 Ma. This ~6 Myr earlier start indicates 

an older onset of the Pampean flat slab segment, corresponding to kinematic models of Bello-

González et al. (2018) and Lara et al. (2018), who estimated that the Juan Fernández Ridge 

(JFR) was already subducting south of 27°S at 15 Ma. 

The influence on continental volcanism due to the subduction of two other volcanic ridges, 

Taltal (TR) and Copiapó (CR), is not as clear. According to Bello-González et al. (2018), the 

TR was subducting below the 24-25°S segment over the last 10 Ma, but we see no change in 

volcanic activity in this new analysis. On the other hand, the kinematic reconstruction of the 

CR (Bello-González et al., 2018) coincides in space and time with the development of a narrow 

magmatic gap at 25.5-26°S after 5 Ma. The collision point of the CR has remained quasi-

stationary below the 26.5-27.5°S segment since then. The variable influence of these oceanic 

ridges on volcanism may relate to differences in topography/volume and buoyancy. 

The new spatial density data helps to refine the timing of magmatic migration events in this 

region. The eastward migration over the 24.5-29°S segment likely occurred from 12-6 Ma, 

older than previous estimates (8-3 Ma; Mpodozis et al., 1995; Kay and Coira, 2009). The 

migration has been attributed to forearc subduction erosion (Kay and Mpodozis, 2002; Kay et 

al., 2013), but during this period the JFR was subducting south of 28°S (Bello-González et al., 

2018; Lara et al., 2018). It is possible that the 24-27°S segment experienced shallow subduction 

since the late Oligocene (Gianni et al., 2020), so the new definition of 12-6 Ma magmatic 

migration here will need to be re-evaluated with future plate reconstruction models to better 

understand causes. 

6.6.4. Volcanic events vs. vents for spatio-temporal hazard assessment 

Defining volcanic events leads to better representation of regional volcanic eruption records 

than just using vent-based analysis. Here, this rests on the assumption of a fixed volume of 0.1 

km3 per event, a reasonable value considering that the large majority (>90%) of explosive 
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volcanic eruptions in the world are of small-to-moderate size, and that ~20% of recent eruptions 

have VEIs of 3-4 (e.g., Siebert et al., 2010; Papale, 2018). The 0.1 km3 volume converts to a 

mean event recurrence rate in the study area of 46.34 events over the last 10 ka. Choosing 

another volume would obviously change this event rate, but since there was only one significant 

eruption known since ~1750 AD, we have little evidence to calibrate any other rate. The sparse 

historical eruption record means that we have little confidence in short period probabilistic 

hazard assessments. Hence, a forecasting interval of 10 kyr is a reasonable approach because 

the cumulative probabilities sum to near unity, irrespective of the volume/event recurrence rate 

(see Appendix 6, Fig. A6.16). Hazard estimations considering long time intervals allow larger 

event volume ranges, e.g., tephra fallout could be modelled for volumes up to 30 km3. 

6.6.5. Improving assessments with structural, geophysical, and geochronological 

datasets 

At larger scales (i.e., fields of smaller areas), robust volcano-structural, seismic and thermal 

datasets can be used to improve spatial probabilistic hazard assessments (e.g., Bertin et al., 

2019). For the area considered in the present study, however, such information is patchy and 

incomplete. For instance, apart from two volcanoes (Láscar and Lastarria), there is no 

permanent seismic network in the region. Thus, little active volcano-seismicity information is 

available. Other isolated seismicity has been considered tectonic, but could have magmatic 

influences, for instance Mulcahy et al. (2014) identified two brief, shallow (<5 km) swarms at 

Cerro Galán, east of Falso Azufre, and between the CBVC and Carachipampa volcanoes. 

There is a large catalogue of faults, fractures, fissures and lineaments for this area (5,887 

structures from geological maps; Additional file 6.2) (Chapter 4), however, these are mainly 

mapped in basement units, with structures unrecognised beneath most of the volcanic centres. 

To gain insight into how the structures influence the analysis, we tested the incorporation of 

the patchy structural data into spatial hazard assessment (Fig. 6.11). Even conservative 

weightings on structures (~20%) strongly focus the probability isocontours towards regions 

away from known volcanism. Hence, it appears that homogenous structural information is 

required before it is useful. 
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Figure 6.11. Spatial probability analysis considering: (a) volcanic events, and (b) volcanic events (80%) and 

structural data (20%). 

 

Data indicative of persistent thermal anomalies and/or zones of active surface deformation 

could also be used to improve future hazard assessments, although homogeneity of data 

coverage must be considered. Low enthalpy geothermal springs are mapped in Chile (Hauser, 

1997) and Argentina (Pesce and Miranda, 2003), although these are mostly in places accessible 

by road. Fumarolic activity of some volcanoes (e.g., de Silva and Francis, 1991; González-

Ferrán, 1995; Tassi et al., 2009, 2011; Aguilera et al., 2016), together with geological evidence 

of young (i.e., Quaternary) phreatomagmatic activity in others (e.g., van Alderwerelt, 2017; 

Filipovich et al., 2019, 2020; Ureta et al., 2020, 2021), should be coupled with high-resolution 

satellite thermal remote sensing surveys to improve the spatial coverage of potential current 

magmatic anomalies. 

There are long-term ground deformation anomalies identified in InSAR time series, tilt meter 

data, GPS/GNSS permanent stations and ground surveying at some specific volcanoes 

(Pritchard and Simons, 2002; Henderson and Pritchard, 2013; SERNAGEOMIN, 2021). 

However, this level of study is unlikely to be achievable across the whole volcanic region. To 

improve the volcanic assessment knowledge, however, we recommend prioritizing geophysical 

studies in the volcanic clusters identified here, following on from some similar targeted studies 
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(Di Filippo et al., 2008; Brunori et al., 2013; Chiodi et al., 2019; Lamberti et al., 2020; Vélez 

et al., 2020). 

Improvement of the geochronological data may help constrain the periods of activity of 

individual volcanic vents. Summing all available data into a geochronological database 

(Chapter 4) is robust over long time periods (10s of Myr), or better in some areas, but there is 

a paucity of data to effectively characterise the late Pleistocene-Holocene volcanic record, 

especially when many morphologically young volcanic features remain undated (especially in 

Argentina). A good target would be to gain enough new age determinations to improve the 

temporal resolution of this modelling approach ten-fold (i.e., from 1 Myr to 100 kyr analysis 

windows). This requires targeting especially well-preserved recent volcanic features to have 

the best chance of defining robust probability density functions for shorter time intervals, 

especially because the youngest time window is the one that contributes the most to the spatial 

probability map (see Appendix 5). 

6.6.6. Improving hazard assessments with targeted studies 

This analysis area is too large to expect a uniform high-resolution volcanic history study, 

however, targeted analysis on particularly active parts of the region could lead to a much 

improved hazard assessment. We suggest high-resolution studies on: Puntas Negras and 

Chalviri volcanic chains (Láscar cluster); the Socompa volcano (Socompa cluster); as well as 

the many volcanoes within the Incahuasi cluster (e.g., Ojos del Salado, El Fraile). The 

Incahuasi region shows the highest event probabilities (Figs. 6.3d and 6.8a), and has only a few 

recent studies (Grosse et al., 2018, 2020; Naranjo et al., 2019b). In addition, at least two <1 ka 

BP tephras mapped in Argentina (Fauqué and Tchilinguirian, 2002; Hermanns and 

Schellenberger, 2008), most likely erupted from the Incahuasi cluster (Sampietro-Vattuone et 

al., 2018, 2020; Fernández-Turiel et al., 2019). Similar studies, along with geophysical surveys 

are recommended in the Socompa and the Antofagasta clusters since they lie outside previously 

identified crustal magma anomalies (Fig. 6.10). Thermal remote sensing surveys would be well 

considered, particularly at Chalviri, Tres Cruces, CBVC, El Fraile, and El Muerto volcanoes. 

Additional seismic monitoring networks could also be considered at Socompa, Ojos del Salado, 

and the CBVC. 
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6.7. Conclusions 

We developed a long-term probabilistic volcanic hazard assessment of the Chilean-Argentinian 

segment of the Central Volcanic Zone of the Andes (~22.5-29°S), and analyses spatio-temporal 

volcanic patterns over the last 36 Myr. Through this, we delineate five regions of high spatial 

probability, i.e., volcanic clusters: Láscar, Socompa, Lazufre, Incahuasi, and Antofagasta. The 

largest clusters (Láscar, Lazufre and Incahuasi) correlate well with geophysical evidence of 

mid-crustal partial melt bodies, but the smallest two (Socompa and Antofagasta) do not. These 

areas should be considered for further targeted thermal and other geophysical studies. We 

estimate a probability of 50% for an eruption of the scale of the Láscar 1993 event (0.1 km3) 

by the year 2150. There is an ~80% chance that this eruption will occur from within one of the 

five volcanic clusters. The lack of a robust late Pleistocene-Holocene eruption record in this 

area is a major hindrance to accurate short-period hazard assessments. 

Five volcanic processes (PDCs, ballistic projectiles, lava flows, debris flows and tephra fallout) 

were modeled for the whole region. Considering these collectively in a combined volcanic 

hazards map, a relative hazard exposure was established for population centres in the region. 

This showed that the settlements with the highest relative likelihood of being affected by any 

of the volcanic processes mentioned above are small towns or similar, some of which are 

popular tourist destinations. Our results suggest that any major efforts towards improving 

volcanic hazard knowledge for this region should concentrate on improving volcanic event 

records within each of the five volcanic clusters identified here, especially the Incahuasi cluster. 

In addition, examining the volcanic risk associated with the largest population centres that were 

defined in our quick exposure analysis should be pursued, especially San Antonio de los Cobres 

in Argentina, and San Pedro de Atacama in Chile. 
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Chapter 7. Discussion and conclusions 

This chapter draws together the results from the previous four chapters in order to further 

discuss the wider implications of the research. This chapter provides insights into (1) long-term 

volcanic hazard assessments in large and complex regions with space-time variant patterns of 

activity (addresses aim 1), (2) the arc versus back-arc distinction, in terms of volcanic activity 

and volcanic hazards (addresses aim 4), and (3) the upgraded volcano-tectonic history of the 

region (addresses aims 2 and 3). It then provides a summary and conclusions, as well as 

recommendations for future work. 

7.1. Volcanic hazard assessments in large and complex regions 

In the present study, the methodology developed for assessing volcanic hazards in distributed 

volcanic fields (Chapter 3) was adapted to large volcanic regions (i.e., arc segments; Chapter 

6). This required expanding the focus from a pure monogenetic (i.e., one vent, one eruption) to 

a more realistic (i.e., one vent, at least one eruption) approach. Doing so made possible the 

inclusion of volcanism driven by long-lived magmatic feeding systems that ultimately lead to 

the construction of large stratovolcanoes or volcanic complexes. Being a new methodology, 

this raised several questions about how to assess volcanic hazards in large and complex regions, 

especially when the region shows clear space-time variant patterns of volcanic activity, and 

which approach/assumptions should be followed/made at each step of the assessment. Of these, 

the most relevant are the space-time framework, the region boundaries, the geologic record 

completeness (i.e., minimum-effective coverage), and the theoretical considerations (including 

simulation tools), all of which are discussed below. 

The space-time framework constitutes the spatial and temporal resolution of the assessment. 

As a first step, the study area has to be divided into squared pixels of arbitrary size. The pixel 

size represents the level of spatial detail of the assessment and has direct influence on the 

simulation times of every model tested. Results obtained in Chapters 3 and 6 suggest that a 

pixel whose size is ~0.1% of the longest side of the study area is a sensible choice. The temporal 

resolution depends on whether a short-term or long-term assessment is envisioned (e.g., 

Marzocchi et al., 2004; Connor et al., 2015). A short-term assessment implies forecasting 

volcanic unrest on timescales of hours to a few years, and relies on geophysical and monitoring 

data. A long-term assessment evaluates potential impacts of volcanism over longer timescales, 

and the main source of information is volcano-structural data from the geologic record. 
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Usually, the longer the forecasting time interval, the further into the past the geological datasets 

extend for the analysis. For volcanic arc segments, long-term vent opening hazard assessments 

have been developed for forecasting time intervals no shorter than 100 kyr using geological 

datasets no older than 2 Ma (Martin et al., 2004; Jaquet et al., 2012, 2017; Kósik et al., 2020). 

In the present study, Chapter 6 presents a volcanic hazard assessment considering a forecasting 

time interval of 10 kyr and volcanic datasets that extend as far back as 36 Ma. Conclusions 

drawn from Chapter 6 indicate that if a long-term volcanic hazard assessment is envisioned for 

a large volcanic region (e.g., an arc segment), volcanic datasets should include the latest major 

migration of the magmatic arc in its entirety. In addition, the forecasting time interval should 

be set at the time when the cumulative probability of at least one volcanic event within the 

study area is 1 with a reasonable precision (e.g., ≥0.999). Shorter time intervals are 

recommended when recurrence rate estimates of volcanic activity are better constrained than 

the case examined here. 

The region boundaries define the area over which the assessment will be conducted. The map 

area has to be large enough to contain all the geological data of interest (e.g., Connor et al., 

2018). This is because a kernel with infinite support (e.g., Gaussian kernel), which is a common 

assumption in volcanology for distributed volcanism, results in spatial probabilities that never 

reach zero no matter how far the locations are from the loci of past activity (that is, volcanic 

event locations range from more likely to less likely). If the map area is not large enough, this 

might mean that the cumulative probabilities of new vent formation (i.e., integrated throughout 

the study area) do not sum to near unity. A data-driven methodology to increase the study area 

by ~900% was developed in Chapter 3 to ensure that very low probabilities are obtained at the 

map edges (and thus cumulative probabilities very near unity). While definitely useful for 

distributed volcanic fields, the volcanic arc segment analysed in Chapter 6 is ~300 times larger 

than the case study of Chapter 3, so the study area could not be increased by ~900% without 

dramatically losing computational efficiency. It is therefore recommended that, for large 

volcanic regions, the map boundaries be manually increased by steps of ~50% until the 

cumulative probability of new vent formation is very close to unity. 

The geological record is incomplete. This means that some volcanoes or volcanic deposits may 

have been eroded or buried (e.g., Wetmore et al., 2009; George et al., 2015), especially if they 

are old and/or formed by non-consolidated material (e.g., tephra deposits). Statistical and 

geophysical techniques have been developed to account for buried vents in distributed volcanic 

fields (e.g., O’Leary et al., 2002; Runge et al., 2014), but in large volcanic regions an alternative 



 

127 
 

approach needs to be developed due to the more diverse types of volcanism (e.g., from small 

monogenetic centres to large volcanic complexes). The sensitivity of the spatial probabilistic 

analysis to these types of potential bias in the vent location data proved, however, to be small 

when the number of vents was large (Chapters 3 and 6). More important are the uncertainties 

in recurrence rate estimates of volcanic activity, which can span several orders of magnitude 

as the eruptive data tends to be biased toward the largest eruptive events (e.g., Connor et al., 

2015). As some of these uncertainties are irreducible, a discussion of the eruptive event record 

completeness is necessary. When the eruptive event record is rather incomplete, a sensible 

approach in large volcanic regions could be to conduct the volcanic hazards assessment based 

on the most representative eruption of the historical record. In that case, a long forecasting time 

interval (i.e., on the order of thousands of years) could be used to ensure cumulative 

probabilities of occurrence (of at least one eruption) near unity regardless of the eruption size. 

Another problem is that, in large volcanic regions, geologic coverage is usually of different 

spatial resolution. This raises the question: how should data collection be structured to provide 

an acceptable region-wide coverage? One way to tackle this is to identify a suite of different 

data sources (e.g., geologic maps, high-resolution satellite imagery, scientific literature) and 

try to fill gaps following a minimum-effective strategy. This means that, for example, instead 

of improving the spatial scale of the low-resolution geologic maps available for the study 

region, a reasonable approach could be to use these low-resolution geologic maps together with 

satellite imagery and geologic sketches published in scientific articles in order to identify 

volcanic features (e.g., volcanic vents, deposits) at the same spatial scale as those identified in 

geologic maps of more detailed spatial resolution. This, however, requires that these data 

sources are available at an acceptable resolution and level of completeness for the region of 

interest; for example, high-resolution satellite imagery are available where geologic maps are 

of poor resolution, or geologic sketches are available where satellite imagery is of low 

resolution. It is therefore recommended that, for large volcanic regions, as many different data 

sources as possible are considered in order to collate data (e.g., volcanic vent locations) at the 

same spatial resolution, with the resolution being governed by the desired spatial scale of the 

assessment. 

Theoretical considerations related to probabilistic hazard assessments are important. The 

spatial density of volcanic vents in regions characterized by distributed volcanism has been 

usually estimated using a kernel function (e.g., Connor et al., 2018). This function has proven 

to be useful in a wide diversity of volcanic regions, from small monogenetic fields to volcanic 
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arc segments (e.g., Martin et al., 2004; Connor et al., 2015). As arc segments show a strong 

structural control on vent distribution, a two-dimensional elliptical kernel with a direction-

varying bandwidth and infinite support (i.e., Gaussian kernel) is recommended. The kernel 

function can be modified to include age (Cappello et al., 2013; Bertin et al., 2019) or volume 

(Martin et al., 2004; Richardson, 2016) data to highlight the zones currently active or to identify 

magma pathways, respectively. Statistical models to forecast eruptive volumes at specific 

locations (e.g., Bebbington, 2015) can also be developed by modifying the kernel function. 

Alternative kernels, such as the mth nearest neighbour estimate (Connor and Hill, 1995; 

Bebbington, 2013), the Botev’s algorithm (Botev et al., 2010; Galindo et al., 2016), and the 

Kullback-Leibler score (Vere-Jones, 1992; Bebbington, 2015), have been developed to include 

the temporal forecasting problem into the spatial assessment, to reduce the asymptotic bias, 

and to incorporate an edge correction in the kernel, respectively. However, these alternative 

approaches have been developed for estimating future activity at well-studied monogenetic 

volcanic fields, and their applicability to large volcanic regions such as volcanic arcs is yet to 

be tested. 

Numerous stochastic models have been developed to describe patterns of volcanic activity 

through time (Bebbington, 2012; Connor et al., 2015). The temporal analysis of volcanism 

carried out in Chapter 3 was based on calculating a long-term average recurrence rate, which 

is appropriate when the total number of known events is small (Ho et al., 1991). An additional 

exercise where the recurrence rate varies over time was also conducted, but it requires precise 

age data and the model can become unrealistic at large forecasting time intervals. As most of 

these stochastic models have been tested and calibrated using eruption data from 

stratovolcanoes and monogenetic volcanic fields, a new approach was developed in this study 

to estimate event recurrence rates in volcanic arcs. The new methodology relies on information 

extracted from volcanic geodatabases (e.g., Chapter 4), particularly erupted volume, vent 

locations, vent ages, and vent categories. Its main assumption is a fixed erupted volume for 

every volcanic event. In the study area, the good correspondence between the estimated 

eruption rate and the historical record suggests that this new methodology could be further 

tested in other large volcanic regions for a broader range of volumes. 

The simulation of eruptive processes conducted in Chapters 3 and 6 are based on empirical, 

semi-empirical, and analytical models in order to achieve manageable simulation times (always 

a consideration for a single computer simulation). Each model was run as many times as there 

are pixels in the study area, where a technique to reduce the total number of simulations without 
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losing significant resolution was developed (Chapter 3). A key result obtained in this study is 

that only small differences arise when outputs of the same models are compared for the same 

inputs. This is due to factors such as the large number of simulations and input model variables 

defined as probability distributions. Following these findings, more sophisticated (e.g., 

numerical) models could be implemented in future hazard assessments with vent locations 

drawn from the kernel density estimation method. Numerical models, in particular, are the 

state-of-the-art in the study of the physics of volcanic eruptions and their products, and have 

been used to generate hazard maps for specific volcanic processes for single-vent scenarios 

(e.g., Bonadonna et al., 2005a; Patra et al., 2005; Mossoux et al., 2016; Bertin, 2017). The 

open-source nature of some of these models leaves open the possibility of including several 

vents across large volcanic regions, weighted according to their spatial probability of 

occurrence, although the computational efficiency trade-off still represents a great 

methodological challenge that needs further investigation. 

7.2. Arc versus back-arc distinction 

Back-arc volcanism is linked to subduction zones both spatially and geochemically (Pearce 

and Stern, 2006). As it includes the region located behind an active volcanic arc, the distinction 

between arc and back-arc volcanism can be straightforward if a spatial gap of activity exists 

(e.g., Payenia Volcanic Province, Argentina; Varekamp et al., 2010). In other regions, volcanic 

activity in the back-arc region has been usually identified using geochemical data to 

differentiate it from the main arc volcanic products (Kay et al., 1994; Jacques et al., 2013; 

Oshika et al., 2014; Pitcher and Kent, 2019; Monsalve-Bustamante et al., 2020; Nekrylov et 

al., 2021). However, the precise boundary between arc and back-arc in volcanically active 

regions has remained elusive. 

In the study area, volcanism in the current back-arc region began at 12-10 Ma due to the 

kinematic shift from compression to strike-slip and minor extension across the Puna plateau 

(Schoenbohm and Strecker, 2009; Daxberger and Riller, 2015). The oldest back-arc mafic lavas 

have been dated at ~7.3 Ma (Risse et al., 2008) whereas the youngest ones are some extremely 

well preserved lava flows and cinder cones around the Antofagasta region (Risse et al., 2008; 

Fernández-Turiel et al., 2021) (Fig. 6.2). The spatial probability map obtained in this work 

(Fig. 6.4) shows a migration of the locus of back-arc volcanism from 25.5-26°S to 26-27°S 

during the last 5 Myr, as well as a recent (<1 Ma) pulse of back-arc activity ~150 km east of 

the current volcanic arc between 24°S and 24.5°S. Based on these space-time patterns, the 
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current volcanic back-arc can be delineated at a spatial probability of 10-5.4 (Appendix 6, Fig. 

A6.17). Taking the western boundary of the back-arc as the eastern boundary of the volcanic 

arc, these two regions can also be compared to analyse their respective contributions to the 

volcanism. In terms of the probable locations of future volcanic activity, the arc contributes 

88% and the back-arc 12% (Fig. 6.3d), whereas in terms of areas likely to be affected by future 

volcanic activity, the arc contributes 81% and the back-arc 19% (Fig. 6.8a). It is therefore 

concluded that the arc is seven times more likely to host volcanic activity than the back-arc, 

and four times more likely to be affected by volcanic processes than the back-arc. 

To date, this is the first distinction between arc and back-arc using spatial density maps of 

future volcanic activity anywhere in the world. The methodology developed here could be 

tested in other regions where the distinction between arc and back-arc is less clear (e.g., some 

segments of the Cascades arc; Pitcher and Kent, 2019) and thus provide complementary 

support where the usual geochemical techniques have failed to define a boundary. In addition, 

the volcanic hazard assessment conducted in this study is the first that models several eruptive 

hazards for a back-arc region, and the first that provides an absolute comparison between arc 

and back-arc in terms of future volcanic activity and volcanic hazards. Regions where this 

comparative approach could be taken are, for example, the Chokai Region (Tohoku Volcanic 

Arc, Japan), the Chilcotin Plateau (Garibaldi Volcanic Arc, Canada), the Sredinny Range 

(Kamchatka Volcanic Arc, Russia), and the Payenia Volcanic Province (Southern Volcanic 

Zone, Argentina). 

7.3. Volcano-tectonic history of the 22.5-29°S segment of the Central 

Volcanic Zone of the Andes 

Through this work, information about the migration of the collision points of the Juan 

Fernández (JFR), Taltal (TR), and Copiapó (CR) ridges along the South American continental 

margin has been used to analyse: 1) response times between ridge subduction and flare-up 

magmatism (Chapter 4); 2) transient perturbations to the long-term rotational trend of the 

continental margin (Chapter 5); and 3) magmatic broadening (narrowing) due to the approach 

(passage) of the JFR (Chapter 6). Each of these three chapters provides compelling support in 

favour of the JFR subduction as the main driving force responsible for the major tectonic and 

magmatic perturbations in the 22.5-29°S segment of the CVZ, in good agreement with earlier 

works. To date, however, two kinematic reconstructions are possible for the JFR, the TR, and 

the CR (Bello-González et al. (2018) (Fig. 7.1). Bello-González et al. (2018) did not find 
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significant differences when contrasting these two models with the formation of the Bolivian 

orocline. Lara et al. (2018) generated a rectified trace for the JFR and reconstructed the 

migration of its collision point since 15 Ma, which fits better with Model 2 of Bello-González 

et al. (2018). In the present study, Chapters 4 and 6 use both kinematic reconstructions of Bello-

González et al. (2018), so only first-order correlations between ridge positions and volcano-

tectonic patterns are given. Chapter 5, on the other hand, provides a brief comparison between 

the two models of Bello-González et al. (2018) to explain perturbations to the late Cenozoic 

oroclinal bending of the 22.5-29°S segment of the CVZ, which seems to fit better with Model 

1 of Bello-González et al. (2018), although it does not discard Model 2. 

The volcano-tectonic information gathered throughout this thesis (Chapters 4, 5, and 6) is 

integrated and used here to refine the ridge-collision histories presented in Bello-González et 

al. (2018) in order to constrain response times between ridge subduction and tectonic and 

magmatic activity at different spatial scales. The influence of the subduction of volcanic ridges 

on the generation of magmatic gaps is also analysed. 

7.3.1. Regional analysis 

According to the spatial analysis of volcanism provided in Chapter 6, the main broadening of 

arc magmatism in the study area took place between 17 and 11 Ma (Fig. 6.3). This is in good 

agreement with the 16-11 Ma magmatic broadening event suggested by Kay and Coira (2009) 

for the 25-28°S segment, and can be explained by a transient shallowing of the slab as the JFR 

was subducting under the region. Further support for this hypothesis comes from perturbations 

to the overall rotation trend for the volcanic arc described in Chapter 5. In fact, the main 

reversal of motion occurred between 16 and 13 Ma (Fig. 5.2b), and a causal relationship with 

the JFR as this ridge was migrating to the south is proposed. By considering these two 

independent approaches together, both Model 1 and Model 2 of Bello-González et al. (2018) 

are able to explain the main volcano-tectonic patterns observed between 17 and 11 Ma (Fig. 

7.1). Model 1 is based on a fixed hotspot reference frame and shows a fast migration velocity 

of the collision point of the JFR (up to 370 km/Myr) due to the subduction of a NNE-trending 

arm during the Miocene (Fig. 7.1a). Model 2, on the other hand, assumes a moving hotspot 

reference frame (this is why the hotspot tracks diverge so abruptly before ~15 Ma), and shows 

a slower migration velocity of the collision point of the JFR (up to 160 km/Myr) (Fig. 7.1b). 

Lara et al. (2018), based on geochronological data for the JFR, suggest that the location of the 

Juan Fernández hotspot is not stationary (it would be moving ~20 mm/year to the west), and 
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provide geophysical evidence supporting a NE (rather than a NNE) trend for the ridge segment 

that subducted the region during the Miocene. 

In consequence, given the lack of additional evidence, the migration history of the JFR during 

the last ~20 Myr will be based on Model 2 of Bello-González et al. (2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. Oceanic hotspot track (ridge) positions (latitude) versus time (Ma) based on two plate reconstruction 

models of Bello-González et al. (2018): (a) Model 1. (b) Model 2. JFR = Juan Fernández, TR = Taltal and CR = 

Copiapó ridges. Horizontal red lines show the latitude limits of the study area (22.5-29°S). The blue and orange 

rectangles indicate the periods when the main magmatic broadening and tectonic reversal events took place, 

respectively. Model 2 shows a slightly better correlation between these events and the passage of the JFR through 

the region. 
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7.3.2. Local analysis 

Having chosen a ridge migration model, it is now possible to refine the response times between 

ridge subduction and renewed (or increased) magmatic activity in the study area. Given the 

two migration velocities for the JFR calculated from Model 2 of Bello-González et al. (2018) 

(~160 km/Myr between 20 and 18 Ma, and ~45 km/Myr between 17 and 11 Ma) (Fig. 7.1b), 

the zone was divided into two segments, 22.5-25°S and 25-29°S. The volume evolution 

presented in Chapter 4 for these two arc segments (Fig. 4.4) was used to estimate the times at 

which background eruption rates were sustained above 0.1 km3/10 kyr and 1 km3/10 kyr, as 

well as the time when flare-up magmatism began in each segment (i.e., the first major peak in 

ignimbrite-forming eruption rates). The period when the JFR was subducting the southernmost 

part of each segment where large-volume volcanism occurred (~24°S and ~26°S; Fig. 3.1b) 

was estimated from Fig. 7.1b. Magmatic response times are summarized in Table 7.1. 

Table 7.1. Response times between JFR subduction and renewed/increased crustal magmatism for the 22.5-25°S 

and the 25-29°S arc segments. JFR reconstruction based on Model 2 of Bello-González et al. (2018). Eruption 

rates reported in Chapter 4. 

Time 
Arc segment 

22.5-25°S 25-29°S 

JFR subduction1 19 Ma 17.5 Ma 

>0.1 km3/10 kyr 24.1 Ma 26.2 Ma 

Response time 

 

n/a n/a 

>1 km3/10 kyr 11 Ma 12.5 Ma 

Response time 

 

 

8 Myr 5 Myr 

Flare-up magmatism2 9 Ma 5.5 Ma 

Response time 10 Myr 12 Myr 

1 Period when the JFR was subducting the southernmost part of each arc segment where large-volume 

 
volcanism occurred (~24°S and ~26°S) according to Model 2 of Bello-González et al. (2018). 

2 Onset of flare-up magmatism in each arc segment according to Fig. 4.4. 

 The response times between ridge subduction and flare-up magmatism shown in Table 7.1 

(~10-12 Myr) represent a refinement of the ~8-12 Myr delay period calculated in Chapter 4, 

which considered both ridge migration models (that is, larger uncertainties in ridge position 

versus time). Table 7.1 shows discrepancies between ridge subduction and eruption rates >1 

km3/10 kyr for these two segments (up to ~3 Myr of difference) that do not seem to be 

correlated with the onset of flare-up magmatism, as in the northern segment the flare-up 

occurred ~2 Myr after eruption rates were >1 km3/10 kyr, whereas in the southern segment the 
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delay was of ~7 Myr. This latitudinal contrast can be inspected in more detail by dividing the 

study area into six sub-regions (Fig. 7.2). In addition, in order to detect changes in arc width 

and position over time, vent ages from the volcanic geodatabase (Chapter 4) are plotted against 

vent longitudes for the whole study area (Fig. 7.2) and for each sub-region (Fig. 7.3). Eruption 

rates for background and ignimbrite-forming activity are calculated for each sub-region as well 

(Fig. 7.3). All this information is reported in Table 7.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2. Volcanic vents in the new geodatabase of Chapter 4 classified according to latitude: the more southern 

(northern) the vent, the redder (yellower) its symbol. The study area is divided into 6 segments of latitude: (1) 

22.5-24°S, (2) 24-25°S, (3) 25-26°S, (4) 26-27°S, (5) 27-28°S, and (6) 28-29°S. Longitude range encompasses all 

the <30 Ma vents. Lower figure shows the relation between age and longitude for late Cenozoic volcanism in the 

study area. Error bars represent age uncertainties for each volcanic vent.
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Figure 7.3. Relationship between volcanic vent ages and longitude in the interval 30 Ma to 0 Ma. Separate diagrams (a, b, c, d, e, and f) were generated for the six latitude 

segments defined in Fig. 7.2 to illustrate differences in age distribution. Accompanying plots show background and ignimbrite-forming eruption rates for each segment. Red 

rectangles indicate the period when the JFR was subducting beneath each segment. JFR reconstruction based on Model 2 of Bello-González et al. (2018). 
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Figure 7.3. Relationship between volcanic vent ages and longitude, continued.
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Table 7.2. Response times between JFR subduction and renewed/increased crustal magmatism for six segments 

of latitude (see Fig. 7.2). Maximum arc broadening calculated from Fig. 7.3. JFR reconstruction based on Model 

2 of Bello-González et al. (2018). Erupted volumes and background eruption rates reported in Chapter 4. 

Time 
Sub-region 

22.5-24°S 24-25°S 25-26°S 26-27°S 27-28°S 28-29°S 

JFR subduction1 19 Ma 18.5 Ma 17.5 Ma 15.5 Ma 13 Ma 11 Ma 

Ignimbrite volume2 8230±670 690±120 3080±400 500±80 230±40 0 

Other volcanics volume2 2220±50 2860±50 4240±40 3090±90 2570±60 900±50 

Total volume2 10460±730 3550±180 7310±440 3580±170 2800±100 900±50 

Maximum arc broadening3 8 Ma 6.5 Ma 5 Ma 9.5 Ma 8 Ma 4 Ma 

Response time 

 

11 Myr 12 Myr 12.5 Myr 6 Myr 5 Myr 7 Myr 

>0.1 km3/10 kyr 12 Ma 24 Ma 21.5 Ma 26 Ma 17 Ma 23.5 Ma 

Response time 

 

7 Myr n/a n/a n/a n/a n/a 

>1 km3/10 kyr 11 Ma 9 Ma 12.5 Ma 12.5 Ma 8 Ma 5.5 Ma 

Response time (Myr) 

 

 

8 Myr 9.5 Myr 5 Myr 3 Myr 5 Myr 5.5 Myr 

Flare-up magmatism4 9 Ma n/a 5.5 Ma n/a n/a n/a 

Response time (Myr) 10 Myr n/a 12 Myr n/a n/a n/a 

1 Time when the JFR was subducting beneath the southernmost part of each arc segment according to Model 2 

 of Bello-González et al. (2018). 

2 Volume in km3 expressed as a mean and two standard deviations 

 
3 Back-arc magmatism not included in magmatic broadening (e.g., Fig. 7.3d) 

4 Onset of flare-up magmatism in each arc segment according to Fig. 7.3. 

  

Table 7.2 shows that response times between ridge subduction and eruption rates >1 km3/10 

kyr can vary considerably depending on the arc segment analysed (~3 to 9.5 Myr). There are 

less uncertainties when it comes to flare-up magmatism, as response times of between ~10 and 

~12 Myr are obtained, sitting at the high end of the ~8-12 Myr delay period calculated in 

Chapter 4 and confirming the response times obtained in Table 7.1. 

Two features stand out from the arc-segment analysis: 1) the concentration of most (>90%) of 

the ignimbrite volume in two segments of latitude (22.5-24°S and 25-26°S), and 2) the lack of 

correlation between the maximum magmatic broadening and the passage of the JFR. There is 

an overall good correspondence between the location of ignimbrite-forming eruptions and 

major regional-scale NW-SE trending lineaments, especially to the east of the volcanic arc 

(Fig. 7.4). These lineaments likely formed well before the Cenozoic (Salfity, 1985; Coira et al., 

1993). The change in deformation regime from compression to strike-slip (and minor 
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extension) since the middle Miocene in the Altiplano-Puna reactivated several of these 

lineaments as left-lateral transtensive/transpressive fault zones (Schoenbohm and Strecker, 

2009; Daxberger and Riller, 2015). These fault zones focused most of the magmatic activity as 

the arc broadened to the east (Trumbull et al., 2006; Grosse et al., 2017; Petrinovic et al., 2017), 

favouring the emplacement of large magma chambers and subsequent ignimbrite-forming 

eruptions, especially around the Altiplano-Puna Volcanic Complex and Cerro Galán regions 

(Lindsay et al., 2001b; Riller et al., 2001; Petrinovic et al., 2010, 2021; Seggiaro et al., 2019) 

(Fig. 7.4). North of 26°S, the period of maximum magmatic broadening was coeval with the 

onset of ignimbrite activity (Table 7.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4. Distribution of ignimbrite-forming eruption locations (red triangles with white outlines indicate the 

central coordinates of ignimbrite deposits or caldera complexes) compared to major long-lived NW-SE trending 

lineaments (yellow lines with grey outlines) in the study area. Blue lines enclose the Altiplano-Puna Volcanic 

Complex at ~23°S and the Cerro Galán region at ~26°S, which are the sources of ~90% of the total ignimbrite 

volume in the region (see Chapter 4). Red rectangles depict the six segments of latitude shown in Fig. 7.2 and 

analysed in Table 7.2. 
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There is a possibility of future ignimbrite-forming activity focused along either of the two 

southernmost fault zones. There is compelling evidence of geophysically imaged mid-to-upper 

crustal magma bodies located just where the major fault zones intersect the volcanic arc as well 

as under the Cerro Galán area (Bianchi et al., 2013; Delph et al., 2017, 2021; Ward et al., 2017) 

(Figs. 2.4 and 7.4). The arc regions intersected by these fault zones are also the places where 

the main spatial clusters (regions of high spatial probability) were identified in this study 

(Chapter 6; Fig. 6.10). Thus, increased magmatic activity could be expected for the 26.5-27.5°S 

segment over the next few Myr, especially along the major NW-SE fault zones. Further south, 

the 27.5-29°S region sits at the boundary between the CVZ and the amagmatic Pampean flat-

slab segment (Fig. 2.1a), so magmatic activity is lower than in the north (Table 7.2). Recently, 

a magma body was identified around 28°S (Ward et al., 2017) (Figs. 2.4 and 6.10), although it 

is deeper than the others (~30-50 km) and may need to grow or rise before high-flux 

magmatism starts. 

The asynchronous behaviour of the periods of maximum magmatic broadening compared to 

ridge migration history shown in Table 7.2 can also be observed in Fig. 7.3. The subduction of 

the JFR caused an abrupt eastward broadening of the magmatism in all the arc segments 

analysed, but this magmatism was broadest several Myr after the ridge passage, namely 

between 5 (Fig. 7.3e) to 12.5 (Fig. 7.3c) Myr after the passage. These response times also show 

a strong latitudinal contrast north of 26°S (>11 Myr) and south of 26°S (<7 Myr). These 

contrasting response times coincide well with fast (~160 km/Myr) and slow (~45 km/Myr) 

ridge migration velocities north and south of 26°S, respectively (Fig. 7.1b). It is suggested here 

that the faster the ridge migrated, the later the maximum magmatic broadening occurred. One 

explanation for the observed differences is the subduction of an oblique (i.e., northeast-

trending) ridge segment (Kay and Coira, 2009; Lara et al., 2018) combined with a strong 

asymmetry of the subducting slab north (gentle topographic change) and south (abrupt 

topographic change) of the JFR (Cahill and Isacks, 1992; Anderson et al., 2007; Gianni et al., 

2020). An alternative and not exclusive explanation is that south of ~26°S the crust is also 

thinner (i.e., less thermally mature) compared to the northern segment (Tassara et al., 2006), 

possibly delaying the onset of high-flux magmatism in the southern segment. This already 

occurred north of the study area (14-22°S), where only small-volume ignimbrites were erupted 

during the 24-13 Ma flare-up (Freymuth et al., 2015; Brandmeier and Wörner, 2016). The 

migration history of the JFR before 20 Ma is, however, poorly constrained (Bello-González et 
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al., 2018), so no correlations between flare-up magmatism and ridge subduction can be made 

for that segment. 

The influence of the other two oceanic ridges (TR and CR) on the volcano-tectonic evolution 

of the study area is less clear. According to Model 2 of Bello-González et al. (2018), the TR 

has been subducting beneath the 24-25°S segment over the last 10 Myr (Fig. 7.1b), but no 

change in the distribution of volcanism is observed (Figs. 6.3c and 6.3d). The 24-25°S segment, 

however, contains considerably less ignimbrite volume compared to adjacent arc segments 

(Table 7.2), so possibly the combined effect of the quasi-stationary subduction of the TR and 

the absence of orogen-oblique regional-scale faulting has inhibited the development of large 

and shallow magma reservoirs. On the other hand, assuming a similar migration history for the 

CR compared to the TR over the last few Myr, the subduction of the CR would coincide in 

space and time with the development of a narrow magmatic gap at 25.5-26°S after 5 Ma (Fig. 

6.3d). In summary, the variable influence of these oceanic ridges (JFR, TR, and CR) on 

volcanism may relate to differences in topography/volume and buoyancy, as unlike the JFR, 

the subduction of the TR and CR do not seem to decrease the angle of the oceanic plate as 

much as the JFR does (e.g., Gianni et al., 2020). 

In conclusion, the main spatio-temporal, volumetric, and volcano-tectonic patterns identified 

in the region suggest immediate (magmatic broadening onset and tectonic rotation anomalies) 

and delayed (maximum magmatic broadening and high-flux magmatism) tectonic and 

magmatic responses caused by the subduction of the Juan Fernández Ridge. The next high-flux 

magmatic event in the region is likely occur under the 26.5-27.5°S segment. 

7.4. Summary 

In this contribution, a comprehensive long-term probabilistic volcanic hazard assessment was 

carried out for the 22.5-29°S segment of the Central Volcanic Zone of the Andes of South 

America. This volcanic segment presents several challenges to volcanic hazard analysis, as it 

is an area characterized by diverse, distributed, and long-lasting volcanic activity, but patchy 

geological coverage and an obscure historical record due to its remoteness and very low 

population density. 

To tackle this problem, a volcanic database was assembled to cover the last 35 Myr of 

volcanism in the region at a homogeneous spatial resolution. A minimum-effective criterion 

was followed to fill gaps in geological coverage through ground truthing using remote sensing 
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and field data complemented by ancillary information (e.g., satellite imagery, scientific articles, 

and geologic sketches). To help delineate hazard zones in regions of distributed volcanism (i.e., 

unknown timing, size, and location of the next eruptive event), a computer code was written 

using well-tested probabilistic and statistical models. This code was first tested in a well-known 

monogenetic volcanic field in southern Chile, and then adapted for larger and more diverse 

volcanic areas such as the segment of the CVZ studied here. 

The volcanic database was coupled with the new computer code to unravel the spatial evolution 

of the volcanism over the last 35 Myr by estimating eruptive events from volcanic vents and 

erupted volume over time. The volcanic hazard assessment include the estimation of: 1) spatial 

density maps of future volcanic activity (based on the kernel density estimation method), 2) 

volcanic event recurrence rates (estimated from vent and volume data), and 3) areas susceptible 

to volcanic flow and fall processes (based on computer modeling). A probabilistic volcanic 

hazard map was produced after integrating these results, which was then used to analyse the 

relative probabilities of population centres in the area of being affected by any volcanic process. 

The spatio-temporal evolution of the volcanism obtained during the hazard assessment was 

used to examine the main volumetric and arc alignment variations (obtained from analysing 

the volcanic database) over the last 35 Myr in order to detect any significant correlation 

between them. The time period where magmatic broadening and the major interruption of the 

long-term rotational trend of the volcanic arc coincided was used to choose one of the two 

kinematic models of oceanic ridge migration proposed to date, as the influence of the Juan 

Fernández Ridge in the volcano-tectonic evolution of the region has long been recognized but 

its migration history remains imprecise. Having selected the most suitable kinematic model, it 

was found that once the Juan Fernández Ridge migrated south of the study area, the volcanic 

arc resumed its main rotational trend but it kept broadening. The broadest arc (~400 km) 

occurred ~10-12 Myr after ridge subduction and was coeval with the onset of high-flux 

magmatism only in the northern segment (22.5-26°S), just where ridge subduction was oblique 

with respect to the oceanic trench. South of 26°S, where ridge subduction was more orthogonal, 

the arc was broadest ~5-7 Myr after ridge subduction but before high-flux magmatism had 

occurred. Differences in the obliquity between the Juan Fernández Ridge and the oceanic 

trench, combined with a thinner crust south of 26°S than in the north, are probably the most 

likely explanations for this asynchronous behaviour. 
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There is a good spatial correspondence between the volcanic clusters identified during the 

spatial analysis and geophysically imaged partial melt bodies. The largest and shallowest 

bodies are related to areas of ongoing high-flux magmatism, especially near 22.5-24°S and 25-

26°S. South of 26°S, these partial melt bodies are also present but they are deeper and smaller 

than in the north. It is suggested that, at least in the study area, volcanic clusters can be 

diagnostic of ongoing or future high-flux magmatic events. The largest volcanic cluster is 

located near 27°S, just where a well-defined partially molten body has been identified ~25 km 

below the current volcanic arc. It is therefore concluded that the next high-flux magmatic event 

in the region will occur in the 26.5-27.5°S segment. Its timing will depend on how quickly the 

mid-crustal magma body grows and rises. Given the thinner crust at this latitude segment 

compared to the north, its cumulative erupted volume will probably not be as high as that 

erupted north of 26°S. 

7.5. Conclusions 

During the course of this study, new insights were gained into how volcanic hazards should be 

assessed for large and complex volcanic regions. Volcanic arcs, in particular, are areas of 

distributed volcanism, so probabilistic hazard assessments should be conducted using models 

that consider the volcanism as such. As a detailed assessment for the whole arc is unlikely, a 

sensible approach to the problem is to divide the arc in sub-areas (e.g., arc segments) following 

a clearly stated criterion (ideally geological/structural), and conduct the assessment for that 

specific sub-area. Within the zone of interest, the volcanic activity to evaluate should include 

the latest major magmatic migration in its entirety. Comprehensive information about vent 

location, age, and type is necessary, as well as the eruption record. The eruption record allows 

estimates of the size and number of events per vent type. In case the eruption record is poor or 

incomplete, inferences about vent-to-events ratios can be made assuming a fixed eruption size. 

As the approach is regional, the assessment temporal frame should be as long-term as is 

feasible. Volcanic hazards should be evaluated using well-tested models. Input parameters for 

a specific model should be defined as probability distributions based on data extracted from 

the region or from analogue regions. Finally, results should always be reported as probability 

maps in order to allow comparisons with other volcanic regions. 

In case a volcanic hazard assessment is envisioned for a large and complex volcanic region, 

such as a volcanic arc, in-depth considerations of the space-time resolution of the assessment, 
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the region boundaries, the geologic record completeness, and the theoretical framework 

adopted by the study, should be provided. 

Specific conclusions of this study for the 22.5-29°S segment of the CVZ are: 

 Five regions of high spatial probability were identified by analysing the current spatial 

distribution of volcanism for the 22.5-29°S segment of the CVZ: Láscar, Socompa, 

Lazufre, Incahuasi, and Antofagasta. These regions concentrate the highest 

probabilities (~80%) of hosting future volcanic activity, some of which coincide well 

with geophysically imaged mid-crustal magma bodies. 

 In the event of an eruption occurring somewhere, the top three most hazardous 

settlements are the Ojos del Salado mountain camp (in Chile), the administration 

building of Las Grutas (in Argentina), and the small hamlet of Talabre (in Chile). 

Touristic villages/towns Antofagasta de la Sierra, El Peñón, La Poma, San Antonio de 

los Cobres, and San Pedro de Atacama rank high as well. 

 The main volcano-tectonic and spatio-temporal patterns identified in the region 

correlate well with the southward passage of the Juan Fernández Ridge during the 

Miocene. After refining the migration history of this oceanic ridge, a response time of 

~10-12 Myr was estimated between ridge subduction and the onset of high-flux 

magmatism for the 22.5-24°S and 25-26°S segments. If this trend continues to the 

south, the 26.5-27.5°S segment is likely to experience a magmatic flare-up in the next 

few Myr. 

 In the study area, the current volcanic arc is seven times more likely to host future 

volcanic activity than the back-arc region, and four times more likely to be affected by 

volcanic processes.  

7.6. Recommendations for future work 

Recommendations for future work can be divided into two main areas – recommendations for 

geological and geophysical studies related to improving understanding of the 22.5-29°S 

segment of the CVZ, and recommendations related to improving volcanic hazard assessment 

of large volcanic regions. 

Recommendations for future work in the 22.5-29°S segment of the CVZ: 
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 Improving volcanic event records within each of the five volcanic clusters identified 

during the hazard analysis, as many of them have poorly known eruption histories. The 

26.5-27.5°S segment should be prioritized in future studies, because it is the most likely 

region to experience large-volume volcanic activity in the future. 

 Targeted geophysical studies to evaluate the presence of thermal anomalies, ground 

deformation patterns, shallow seismicity, and partial melt bodies in the five volcanic 

clusters. 

 Examining volcanic vulnerability and risk associated with the most exposed population 

centres identified in this study. 

 Conducting volcanic hazard assessments at more detailed scales (i.e., volcanic fields or 

smaller areas). The higher level of detail would also make short-term assessments 

possible if monitoring information is available. 

 Compiling robust geochemical, petrological and geophysical data in order to shed light 

on the underlying processes that are driving along-strike arc-scale variations in volcanic 

flux. 

 Continuing the volcanic database to the north, ideally to include the 18-22.5°S segment 

of the CVZ. 

Recommendations for improving volcanic hazard assessment of large volcanic regions: 

 New compilations of volcanic databases should be completed, ideally in geospatial 

format. These databases should include at a minimum information about volcanic vents 

(location, age, and type) and volcanic features (age, type, and volume). Volcano 

locations and lifetimes are essential to develop a comprehensive spatio-temporal model 

of volcanic activity, which can be coupled with geophysical data to evaluate the 

influence of transcrustal magmatic processes on the development of volcanic clusters. 

Erupted volumes and volcanic lifetimes can be used to calculate eruption rates and 

detect the onset of high-flux magmatism. 

 The lack of abundant and precise age data, as well as incomplete high-resolution 

stratigraphy are the main constraints for hazard assessment in large volcanic regions. 

Hence, it is recommended that new age-determination efforts be focused on filling age 

gaps (e.g., the late Pleistocene-Holocene eruptive record) and improving the 

recognition of some key stratigraphic units (e.g., widespread tephra layers). 
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 Formulating new spatio-temporal probabilistic models that explicitly link spatial 

density and recurrence rates. These could be used to model inward focussing of 

eruptions and/or regional-scale magmatic migration events. 

 Modifying kernel function methods to include age- or volume-weighting factors in 

order to forecast the volume and timing of the next eruptive event. 

 Standardizing the outputs of probabilistic hazard assessments between regions, in order 

to allow objective comparisons. 
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Appendix 

Appendix 1: Kernel density estimation – Theoretical framework 

Kernel density estimation is a non-parametric method for estimating the PDF of a distributed 

sample in which the parameters that rule it are unspecified. In the bivariate case, that is: 

 𝑓(𝑟) =
1

𝑆
∑𝐾(𝑟 − 𝑟𝑘)

𝑆

𝑘=1

 (A1.1) 

Where 𝐾(: ) is the kernel, 𝑟 = (𝑥, 𝑦)𝑇, and 𝑟𝑘 = (𝑥𝑘, 𝑦𝑘)
𝑇, being 𝑟 the coordinates of every 

point in the two-dimensional space and 𝑟𝑘 the coordinates of the k-th component of a bivariate 

sample of size 𝑆. 

This kernel has to satisfy the following properties: 

 ∫𝐾(𝑢)𝑑𝑢

 

ℝ2

= 1 (A1.2) 

Which ensures that a PDF will be obtained, and 

 𝐾(𝑢) = 𝐾(−𝑢)      ∀𝑢 (A1.3) 

Which ensures that the mean of the distribution will be equal to that of the sample. 

If 𝐾(𝑢) is a kernel, that means that 𝜆𝐾(𝜆𝑢) for some 𝜆 > 0 is a kernel as well. This property 

allows an appropriate scale to be chosen. To do this, it has commonly been assumed that 𝜆 =

1

ℎ
, where ℎ is a smoothing parameter, also called bandwidth, which determines how smooth the 

estimated function is (i.e., it controls the size of the neighborhood around every 𝑟𝑘). In the one-

dimensional case, the bandwidth is a scalar (ℎ), but in the two-dimensional case it can be either 

a scalar (ℎ) or a matrix (𝐻). If the bandwidth is a matrix, the scaled bivariate kernel is: 

 𝐾𝐻(𝑟 − 𝑟𝑘) = |𝐻|
−
1
2𝐾(𝐻−

1
2(𝑟 − 𝑟𝑘)) (A1.4) 

Although there are various choices among kernels, the most often used in volcanology is the 

Gaussian kernel (e.g., Connor and Hill, 1995; Conway et al., 1998; Connor et al., 2000), mainly 

due to its small loss of efficiency and its mathematical properties, although its support extends 

to infinity. If a Gaussian kernel is considered, Equation (A1.1) becomes: 
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 𝑓�̂�(𝑟) =
|𝐻|−

1
2

2𝜋𝑆
∑𝑒−

1
2
𝑏𝑇𝑏

𝑆

𝑘=1

 (A1.5) 

Where 𝑏 = 𝐻−
1

2(𝑟 − 𝑟𝑘). 

The performance of a kernel density estimator depends more strongly on the bandwidth 

selection than on the kernel function chosen (Duong, 2005). In the Gaussian case, a small 

bandwidth leads to very spiky estimates, while a large one an overly smoothed estimate 

(Connor et al., 2009). If the bandwidth is a matrix, its notation is: 

 𝐻 = [
ℎ11 ℎ12
ℎ12 ℎ22

] (A1.6) 

This matrix has to be positive-definite, which amongst many other properties means that is 

invertible, has a square root, and ℎ11 > 0, ℎ22 > 0, |ℎ12| < ℎ11ℎ22 . Notation in Equation 

(A1.6) implies two smoothing patterns of the kernel function, not necessarily aligned along the 

coordinate axes of the grid. That is, if a scalar bandwidth (ℎ) is used, its shape is circular, 

whereas if it is a matrix (𝐻), its shape is elliptical and smoothed by the major and minor axes 

lengths. To obtain those parameters, both bandwidth’s eigenvalues and eigenvectors have to 

be calculated. 

There are many methods to estimate an optimal bandwidth matrix (Duong, 2018, and 

references therein). No one method has emerged as the best, mainly due to limitations on 

measuring their relative rate of convergence to the AMISE (asymptotic mean integrated 

squared error) optimal bandwidth matrix (Duong, 2005). However, selectors based on either 

the AMSE (asymptotic mean squared error) or the SAMSE (sum of AMSE) procedures are 

recommended because of their simplicity (i.e., statistical parsimony) and because they produce 

finite pilot bandwidths, displaying faster rates of convergence (Duong, 2005). To obtain an 

optimal bandwidth, the freely available statistical program ‘R’7 can be used. 
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Appendix 2: Derivation of Equation (3.26) 

According to Pyle (1989), tephra thickness can be empirically modeled as an exponential 

function of either the square root of the isopach area 𝐴 or the distance to the source 𝑟, that is: 

 𝑇 = 𝑇0𝑒
−𝑘√𝐴 = 𝑇0𝑒

−𝑞𝑟 (A2.1) 

Where −𝑘 and −𝑞 are the slopes on plots of 𝑙𝑛(𝑇) versus √𝐴 and 𝑟, respectively, while 𝑇0 is 

the extrapolated maximum deposit thickness. Assuming that all the isopachs are elliptical in 

shape, both 𝑟 and 𝐴 can be expressed as follows: 

 𝑟(𝜙) =
𝑟0(1 − 휀)

1 − 휀 cos𝜙
 (A2.2) 

 𝐴 = (1 − 휀)2∫
𝑟0
2

(1 − 휀 cos𝜙)2
𝑑𝜙 =

𝜋𝑟0
2(1 − 휀)2

(1 − 휀2)
3
2⁄

𝜋

0

 (A2.3) 

Where 𝑟0 and 휀 are the major axis and the eccentricity of the ellipse, with the source at one of 

the foci of the ellipse, whereas 𝜙 is the angular coordinate measured from the horizontal axis 

of the study area. 

Equating exponents in equation (A2.1), then: 

 𝑘√
𝜋𝑟02(1 − 휀)2

(1 − 휀2)
3
2⁄
= 𝑞

𝑟0(1 − 휀)

1 − 휀 cos𝜙
 (A2.4) 

Simplifying and solving for 𝑞: 

 𝑞 = 𝑘(1 − 휀 cos𝜙)√
𝜋

(1 − 휀2)
3
2⁄
 (A2.5) 

𝜙 and 𝑟 can be written as: 

 𝜙 = 𝜙𝑖𝑗 = 𝑡𝑎𝑛−1 (
𝑦𝑗 − 𝑦0

𝑥𝑖 − 𝑥0
) (A2.6) 

 𝑟 = 𝑟𝑖𝑗 = √(𝑥𝑖 − 𝑥0)2 + (𝑦𝑗 − 𝑦0)
2
 (A2.7) 

Where 𝑥𝑖 and 𝑦𝑗 are the respective i-th western and j-th northern coordinates of the study area, 

and 𝑥0 and 𝑦0 are the western and northern coordinates of the source. 

If the ellipse is rotated (i.e., its major axis does not coincide with the E-W axis of the study 

area), an angular term 𝜑0 can be added, so equation (A2.6) becomes: 
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 𝜙𝑖𝑗 = 𝜑0 + 𝑡𝑎𝑛
−1 (

𝑦𝑗 − 𝑦𝑜

𝑥𝑖 − 𝑥0
) (A2.8) 

Equation (3.26) can be obtained by inserting Equation (A2.8) in Equation (A2.5), and by 

replacing Equations (A2.5) and (A2.7) in Equation (A2.1). 
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Appendix 3: Volcanic geodatabase and eruption rates 

Figure A3.1. Geological maps published in the study area by the Chilean and Argentinian Geological Surveys, 

and grouped by mapping scale. 1: SERNAGEOMIN (2003), 2: Coira and Zappettini (2008), 3: Salfity et al. 

(1998), 4: Panza et al. (2017), 5: Miró et al. (1999), 6: Martínez et al. (1996), 7: Guerrero et al. (1993), 8: Ragona 

et al. (1995), 9: Marinovic and Lahsen (1984), 10: Ramírez and Gardeweg (1982), 11: Gardeweg and Ramírez 

(1985), 12: Coira et al. (2004), 13: Rubiolo et al. (2003a), 14: Seggiaro et al. (2015), 15: González et al. (2003), 

16: Zappettini and Blasco (2001), 17: Blasco et al. (1996), 18: Seggiaro et al. (2019), 19: Seggiaro et al. (2007), 

20: Hongn et al. (2001), 21: Salfity et al. (2006), 22: Seggiaro et al. (2006), 23: González et al. (2000), 24: Rubiolo 
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et al. (2003b), 25: Dal Molin et al. (2003), 26: Cravero et al. (2009), 27: Fauqué et al. (2006), 28: Toselli et al. 

(2018), 29: Blasco et al. (1994), 30: Henríquez et al. (2014), 31: Niemeyer (2013), 32: Solari et al. (2017), 33: 

Ramírez et al. (1991), 34: Villa et al. (2019), 35: Venegas et al. (2013), 36: Naranjo et al. (2013a), 37: Cornejo et 

al. (2009), 38: Naranjo et al. (2013b), 39: Tomlinson et al. (1999), 40: Naranjo et al. (2016), 41: Cornejo et al. 

(1998), 42: Clavero et al. (2012), 43: Mpodozis et al. (2012), 44: Naranjo et al. (2019), 45: Mpodozis et al. (2018), 

46: Martínez et al. (2015), 47: Salazar and Coloma (2016), 48: Méndez et al. (1997a), 49: Méndez et al. (1997b), 

50: Méndez et al. (1997c), 51: Candiani et al. (2011), 52: Gardeweg et al. (2011), 53: Naranjo (2010). Figure 

drawn at a scale of 1:3,000,000. 

Figure A3.2. Mean value (black line) and two standard deviations (dotted lines) for the total cumulative volume 

(in km3). A total volume of 28,840 ± 1,250 km3 is obtained. 

 

Figure A3.3. Mean value (black line) and two standard deviations (dotted lines) for the cumulative ignimbrite 

volume (in km3). A total volume of 12,790 ± 920 km3 is obtained. 
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Figure A3.4. Mean value (black line) and two standard deviations (dotted lines) for the ignimbrite-forming 

eruption rate (in km3/10 kyr). 

 

Figure A3.5. Mean value (black line) and two standard deviations (dotted lines) for the cumulative volume related 

to other volcanic products (in km3). A total volume of 16,010 ± 140 km3 is obtained. 
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Figure A3.6. Mean value (black line) and two standard deviations (dotted lines) for the eruption rate related to 

other volcanic products (in km3/10 kyr). Note that the y-axis has been rescaled 
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Appendix 4: Volcanic vents’ alignment analysis 

Table A4.1. Volcanic vents’ alignment analysis. The vents were grouped into 30 time bins of 1 Myr each. An 

azimuth was calculated for each group, which was later compared with the azimuth of the preceding (older) group 

to calculate a rotation rate (positive clockwise, negative anticlockwise). 

Interval (Ma) # of vents Azimuth (°) Rotation rate (°/yr) 

Mean 2σ Mean 2σ 

0-1 555 10.0 0.3 1.4·10-6 8.9·10-7 

1-2 478 11.5 0.6 4.7·10-6 2.1·10-6 

2-3 470 16.1 1.6 -2.0·10-6 1.8·10-6 

3-4 685 14.1 0.2 3.2·10-6 3.9·10-6 

4-5 858 17.3 3.7 8.8·10-7 5.4·10-6 

5-6 879 18.2 1.7 2.0·10-6 2.3·10-6 

6-7 798 20.2 0.6 -1.1·10-6 3.7·10-6 

7-8 768 19.1 3.1 3.9·10-7 3.9·10-6 

8-9 667 19.5 0.8 -2.3·10-6 2.6·10-6 

9-10 570 17.2 1.7 2.9·10-6 6.6·10-6 

10-11 538 20.0 4.9 2.3·10-6 7.4·10-6 

11-12 404 22.3 2.5 1.3·10-6 4.9·10-6 

12-13 309 23.6 2.3 3.6·10-6 3.8·10-6 

13-14 190 27.2 1.5 -1.4·10-6 2.9·10-6 

14-15 214 25.8 1.4 -1.0·10-5 3.8·10-6 

15-16 208 15.8 2.4 -1.5·10-6 4.9·10-6 

16-17 184 14.3 2.4 3.4·10-6 2.7·10-6 

17-18 146 17.8 0.3 1.4·10-6 1.0·10-6 

18-19 135 19.1 0.7 -4.0·10-7 1.8·10-6 

19-20 115 18.7 1.0 -1.1·10-6 2.6·10-6 

20-21 104 17.6 1.6 1.9·10-6 1.9·10-6 

21-22 100 19.6 0.2 7.9·10-7 4.0·10-7 

22-23 111 20.3 0.2 7.9·10-7 1.6·10-6 

23-24 112 21.1 1.4 3.6·10-6 3.2·10-6 

24-25 73 24.8 1.8 7.2·10-6 4.5·10-6 

25-26 44 31.9 2.7 -2.9·10-6 5.0·10-6 

26-27 31 29.0 2.2 -1.2·10-6 3.9·10-6 

27-28 17 27.7 3.3 1.1·10-6 1.3·10-6 

28-29 11 28.9 0.6 1.9·10-7 6.3·10-6 

29-30 10 29.0 0.7 7.5·10-6 1.1·10-5 

30-31 13 36.6 5.6   
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Figure A4.1. Spatial density map calculated for the volcanic vents within the 30 Ma time bin. The major axis of 

the elliptical kernel trends 037°. 
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Figure A4.2. Spatial density map calculated for the volcanic vents within the 20 Ma time bin. The major axis of 

the elliptical kernel trends 018°. 
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Figure A4.3. Spatial density map calculated for the volcanic vents within the 10 Ma time bin. The major axis of 

the elliptical kernel trends 020°. 
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Figure A4.4. Spatial density map calculated for the volcanic vents within the 0 Ma time bin (i.e., at present). The 

major axis of the elliptical kernel trends 010°. 
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Figure A4.5. Spatial density map calculated for the volcanic vents within the 16 Ma time bin (i.e., at present). 

The major axis of the elliptical kernel trends 014°. 
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Figure A4.6. Spatial density map calculated for the volcanic vents within the 15 Ma time bin (i.e., at present). 

The major axis of the elliptical kernel trends 016°. 
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Figure A4.7. Spatial density map calculated for the volcanic vents within the 14 Ma time bin (i.e., at present). 

The major axis of the elliptical kernel trends 026°. 
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Figure A4.8. Spatial density map calculated for the volcanic vents within the 13 Ma time bin (i.e., at present). 

The major axis of the elliptical kernel trends 027°. 
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Appendix 5: Spatio-temporal hazard assessment: methodology 

Spatial analysis 

 

Volcanic vents were modeled via kernel density estimation, which is a common assumption in 

volcanology for clustered distributed data (e.g., Connor and Hill, 1995; Conway et al., 1998; 

Connor et al., 2000). This technique transforms a point-like feature into a probability density 

function (PDF) whose maxima is centered at the point itself. The kernel’s performance (i.e., 

shape and orientation) is strongly influenced by the bandwidth, which depends on the overall 

spatial distribution of the group to which the feature belongs (in this case, the time bin). In the 

Gaussian case, this PDF can be written: 

 

 𝑓(𝑟𝑘,𝑝) =
(𝑑𝑠)2|𝐻𝑝|

−
1
2

2𝜋
∑∑𝑒−

1
2
(𝑥𝑖−𝑥𝑘; 𝑦𝑗−𝑦𝑘)

𝑇
𝐻−1(𝑥𝑖−𝑥𝑘; 𝑦𝑗−𝑦𝑘)

𝑚

𝑖=1

𝑛

𝑗=1

 
(A5.1) 

Where (𝑥𝑖 ,𝑦𝑗) are the coordinates of every segment of the study area, and (𝑥𝑘 ,𝑦𝑘) are the 

coordinates of the kth vent 𝑟𝑘,𝑝 (the p subscript being the time bin under evaluation). 𝐻𝑝 is the 

bandwidth matrix for the time bin p, n and m are the dimensions of the topographic matrix, and 

the (ds)2 term is a normalizing factor added because the (𝑥,𝑦) grid was spaced at ds (in our case 

study ds equals 1,000 m). Equation (A5.1) was applied for every vent k and every time bin p. 

Then, the following was performed for every p: 

 

 𝑓(𝑟𝑝) =
1

𝐾𝑝
∑𝑓(𝑟𝑘,𝑝) ∙ 𝑤𝑘

𝐾𝑝

𝑘=1

 
(A5.2) 

Where 𝑤𝑘 is the number of events per Myr calculated for the vent k, and 𝐾𝑝 is the total number 

of vents for the time bin p. This new function takes into account events instead of vents, and it 

is the same result that it would have obtained had it chosen to calculate the PDF of every single 

event for any vent k, and then summed them for any time bin p. Due to the assignment of 

different weights 𝑤𝑘, every resulting PDF had to be normalized to unity. Therefore, each 𝑓(𝑟𝑝) 

now represents the spatial distribution of volcanic events for each time bin p. 

 

Equation (A5.2) allowed to conduct an evaluation of how the spatial distribution of volcanism 

has evolved during the last 36 Ma. To do so, the following was performed: 

 𝑔(𝑡) =
1

𝑃𝑡
∑𝑓(𝑟𝑝) ∙ 𝑒

−[𝑤𝑝−𝑡]

𝑃𝑡

𝑝=1

 (A5.3) 

Where 𝑤𝑝 is the youngest age of the time bin p (for instance, for the time bin 17-16 Ma, 𝑤𝑝 is 

16 Ma), t is the time to evaluate (integer number in Ma, where t ≤ 35 Ma), and 𝑃𝑡 is the total 

number of time bins between t and 35 Ma (e.g., if t = 35 Ma, 𝑃35 = 1; if t = 0 Ma, 𝑃0 = 36). In 

this equation, the function 𝑓(𝑟𝑝) is weighted following a decreasing exponential fashion, which 

tends to zero when the age difference between the time bin p and the time t to evaluate is large. 

This is the same approach followed by Bertin et al. (2019), with the difference that they 

weighted volcanic vents based on their absolute ages and obtained a single PDF, while here 

volcanic events were grouped into time bins and as many PDFs as time bins were generated. 

As a final step, every 𝑔(𝑡) function was normalized to unity. 
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In order to apply these three equations, the bandwidths had to be calculated first. The open-

source nature of MatHaz allowed to modify its first step (Step 0; see Bertin et al., 2019 for the 

code’s flowchart) to include the option of creating as many text (.txt extension) files as time 

bins (36). These files were then loaded into the statistical program ‘R’8 to calculate, per file, an 

optimal bandwidth matrix using the package ‘ks’ (Duong, 2021). Among the many bandwidth 

selectors available in the literature (e.g., Duong, 2005), the ĤPI,AMSE bandwidth was chosen 

(see Bertin et al., 2019 for further details about this). 

 

Temporal analysis 

 

The estimation of a recurrence rate based on volcanic events (see section 6.3.2 in the main text) 

allowed to make inferences about the probabilities of occurrence of a new volcanic event for a 

given forecasting time interval. To do this, two assumptions were made: 1) the volcanic event 

was similar in volume to the Láscar 1993 eruption (i.e., 0.1 km3 DRE), meaning that a mean 

recurrence rate of 46.34 events/10 kyr was considered; and 2) the probability of at least one 

volcanic event was calculated. For the last assumption, the following equation was used: 

 𝜌(∆𝑡) = 1 − 𝑒−𝜆∙∆𝑡 (A5.4) 

Where 𝜆 is the recurrence event rate (in number of events per year), and ∆𝑡 is the elapsed time 

(in years) to be forecasted. 

Spatio-temporal analysis 

Taking the common viewpoint that both the spatial and temporal components of a volcanic 

hazard analysis can be treated as independent (e.g., Bebbington and Cronin, 2011; Bebbington, 

2013; Connor et al., 2013), a spatio-temporal assessment can be carried out by evaluating each 

component separately and then multiplying them by each other. In our case, this is written: 

 𝜗(∆𝑡) = 𝑔(𝑡 = 36 𝑀𝑎) ∙ 𝜌(∆𝑡) (A5.5) 

The evaluation of 𝑡 = 36 Ma for the 𝑔(𝑡) function indicates that the spatial probability is 

calculated at present, from which several time intervals ∆𝑡 will be tested. Hence, the function 

𝜗(∆𝑡) is a matrix whose units are events per km2 per time interval, so when it is integrated over 

a specific area, it gives the probability of occurrence of at least one volcanic event for that area 

and for that forecasting time ∆𝑡. As 𝜆 is small (a mean of 0.0046 events per year), ∆𝑡 was 

varied from 1 to 10,000 years at steps of 1 year. 

Volcanic hazard analysis 

Having evaluated the spatio-temporal matrix 𝜗 for several time intervals 𝜗(∆𝑡 = 10,000) was 

chosen as representative of an integrated probability of 1. Due to the type of kernel function 

used, the spatio-temporal probabilities can vary several orders of magnitude but they are never 

zero (zero is only achieved at infinity), so the event locations range from more likely to less 

likely throughout the study area. In consequence, in order to retain as much information of the 

matrix 𝜗 as possible, a probabilistic volcanic hazard assessment was carried out by taking into 

account as many event locations as possible. The methodology followed that of Bertin et al. 

                                                           
8 https://www.r-project.org 

https://www.r-project.org/
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(2019), that is, for a given volcanic process, simulations were performed for different source 

locations, and each result was weighted according to the spatio-temporal probability of the 

respective source. In other words: 

 ℎ𝑖 = ∑ ℎ𝑖
𝑘 ∙ 𝜗𝑥𝑘,𝑦𝑘

𝑚′∙𝑛′

𝑘=1

 (A5.6) 

Where ℎ𝑖
𝑘 is the result of the simulation of the i-th volcanic process whose source is the k-th 

location, 𝜗𝑥𝑘,𝑦𝑘 is the spatio-temporal probability matrix evaluated at the coordinates of the k-

th source location (𝑥𝑘 , 𝑦𝑘 ). The parameters 𝑚′ and 𝑛′ differ from the 𝑚 and 𝑛 of Equation 

(A5.1) in that not every pixel of the spatio-temporal matrix was chosen, this in order to optimize 

the simulation times by discarding very low (<0.1%) cumulative probabilities (see Bertin et al., 

2019 for additional details about this). 

The content of the matrix ℎ𝑖
𝑘 depends on the volcanic process to model. For example, if the 

zone to be affected was obtained either by intersecting the result of a simulation with the 

topography (e.g., ballistic projectiles or PDCs), or by modeling topographically controlled 

processes (e.g., lava flows or debris flows), then every pixel within the whole resulting area 

was assigned the value ‘1’, otherwise they were ‘0’. On the other hand, if the model was not 

influenced by the topography (e.g., tephra fallout), then the results of the simulation (tephra 

thicknesses) were normalized between 0 and 1, where 1 was defined at the location of 

maximum thickness. Each of these ℎ𝑖
𝑘  matrices was then multiplied by the spatio-temporal 

probability of the source location (𝜗𝑥𝑘,𝑦𝑘) and were later summed; finally, each ℎ𝑖 matrix was 

normalized to unity. As 𝑚′ ∙ 𝑛′ simulations were carried out by volcanic process (i.e., one per 

source pixel), 𝑚′ ∙ 𝑛′ different input parameters were considered. Where possible, the ranges 

of the parameters were extracted from the volcanic database (Chapter 4), and modeled as 

normal, lognormal or uniform distributions. The input parameters were randomly sampled 

from these distributions. 

PDCs 

PDCs were simulated via the energy cone model (e.g., Malin and Sheridan, 1982). This is a 

simple empirical model useful for estimating the extent of ground-hugging, gravity-driven 

volcanic processes. It assumes a pile of volcanic material collapsing from a given height (hc) 

above the source location (whose elevation is hv). After the collapse has taken place, the 

maximum run-out length (L) of the deposit is radially measured from the source location itself, 

and the elevation (hm) at the place of maximum run-out length is calculated too. The ratio 

between (hv – hm + hc) and L defines a slope mv that is used to simulate a cone with its apex 

located hc meters above the source. The intersection of this cone with the topography defines 

the area that is prone to be affected by the process. 

To obtain the input parameters for this model, Global Mapper v189 was used to load: 1) the 

PDC deposit, the mixed volcanic material, and the volcanic vent layers from the volcanic 

database (Chapter 4); and 2) the ASTER GDEM v3 topography. Then the L, hv, and hm 

parameters were measured per volcanic feature (659 in total), and the parameters mv were 

calculated. These mv values were plotted in a histogram (Appendix 6, Fig. A6.1), to which a 

normal distribution was approached with a mean of 0.269 and a standard deviation of 0.095. 

                                                           
9 https://www.bluemarblegeo.com/global-mapper/ 

https://www.bluemarblegeo.com/global-mapper/
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The parameters hc were randomly sampled based on a uniform distribution between 0 and 500 

m according to worldwide compilations (e.g., Tierz et al., 2016; Sandri et al., 2018; Clarke et 

al., 2020). As a cone characterized by a large hc and a small mv might extend for unrealistically 

long distances, the additional restriction L ≤ 40 km was included, which was the largest 

maximum run-out distance measured from all the deposits. 

Ballistic projectiles 

Ballistic projectiles were modeled via the Ballistics tool (Bertin, 2017). This a numerical model 

that can be simplified to provide an analytical solution of the equations of movement of a dense 

projectile in the atmosphere. In that case, it simulates the two-dimensional movement of an 

ellipsoidal particle under no wind conditions and assuming a constant drag coefficient. Its input 

parameters are the projectile’s density (ρS), semi-axes (d, e, f), launch velocity (V0), ejection 

angle (θ0), and drag coefficient (CD). The density of the atmosphere is assumed constant and 

calculated at the vent’s elevation. It also assumes that there is no preferred launch azimuth, so 

all directions are considered. Contours are drawn where these simulated blocks meet the 

topography, and the area enclosed by this contour is defined as the zone prone to be affected 

by ballistic projectiles of equal or less launch velocities. 

Usually, the estimation of each of these parameters is obtained from inverse modeling of well-

preserved ballistic fields (e.g., Bertin, 2017; Taddeucci et al., 2017). In the study area, the only 

such place that meets that condition is the ballistic field related to the Láscar 1993 eruption, 

where Bertin (2017) constrained the launch velocity and projectile dimensions of the block that 

caused the most distant impact crater. The rest of the parameters, on the other hand, were 

obtained from the literature (Bertin, 2017, and references therein). In consequence, the 

modeling parameters were the following: block densities ρS between 950 and 2,700 kgm-3, 

semi-axes d, e, and f between 0.1 and 1 m, launch velocities V0 between 30 and 400 ms-1, and 

drag coefficients CD between 0.1 and 1. The ejection angles θ0 were assumed to have any value 

between 0° and 90°. Each of these parameters was randomly sampled assuming a uniform 

distribution. 

Lava flows, domes and debris flows 

Lava flows (which also includes volcanic domes) and debris flows were simulated based on an 

inundation model following Connor et al. (2012). This model is ruled by simple algorithms, 

whose input parameters are the total volume of the flow (VT), and the flow unit thickness (ht). 

It assumes that the source is a single pixel from which a tiny volume of material is emitted. 

This volume moves downslope along the steepest topographic gradient as long as this gradient 

is steep enough; once it stops, the topography is updated and the next block is emitted. This 

procedure is repeated until the total emitted volume reaches VT. As it was observed by Bertin 

et al. (2019), ht can be used as a very rough estimation of the rheology of the flow, for example, 

the smaller the parameter ht, the more intricate the flow. 

The lava, dome and debris flow layers were extracted from the volcanic database (Chapter 4). 

Lavas and domes were analysed together (863 features in total); their volumes follow a 

lognormal distribution with a mean of -0.386 and a standard deviation of 0.817 (Appendix 6, 

Fig. A6.2), whereas their thicknesses can be roughly approached by a normal distribution with 

a mean of 63.19 m and a standard deviation of 43.36 m (Appendix 6, Fig. A6.3). On the other 

hand, both the volumes (Appendix 6, Fig. A6.4) and the thicknesses (Appendix 6, Fig. A6.5) 

of the debris flows (165 features), follow lognormal distributions, with means of -1.004 and 

1.274, and standard deviations of 0.971 and 0.483, respectively. 
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Tephra fallout 

Tephra fallout was empirically modeled using the following equations (Fierstein and 

Nathenson, 1992): 

 𝑇𝑖𝑗 = 𝑇(𝑟𝑖𝑗, 𝜙𝑖𝑗) = {
𝑇0𝑒

−𝑘0𝛼�̅�𝑖𝑗[1− cos(𝜙𝑖𝑗+𝜑0)]  ⇔  �̅�𝑖𝑗 ≤ 𝑅𝑖𝑗

𝑇1𝑒
−𝑘1𝛼�̅�𝑖𝑗[1− cos(𝜙𝑖𝑗+𝜑0)]  ⇔  �̅�𝑖𝑗 > 𝑅𝑖𝑗

 (A5.7) 

Where 𝑅𝑖𝑗 =
A

𝛼(1− cos(𝜙𝑖𝑗+𝜑0))
, 𝐴 =

ln (𝑇1)−ln (𝑇0)

𝑘1−𝑘0
, 𝛼 = √

𝜋

(1− 2)
3
2⁄
, and �̅�𝑖𝑗 =

𝑟𝑖𝑗

1000
 

Equation (A5.7) models a tephra fallout deposit (𝑇𝑖𝑗) whose thickness thins exponentially away 

from the source following two different decay rates depending on the distance. Isopachs drawn 

from this deposit are ellipses characterized by an eccentricity (휀) and a rotation term (𝜑0), 

where the former term measures how elliptical the isopachs are (an approach of wind speed), 

and the latter term indicates the ellipse’s major axis azimuth (an approach of wind direction). 

If the natural logarithm of the thickness (in meters) is plotted against the square root of each 

isopach area (in km2), two straight lines are observed (Fierstein and Nathenson, 1992). The 

first line (the closest to the source), is parametrized by its slope (𝑘0) and its y-intercept (ln (𝑇0)), 
whereas the second line (the farthest to the source), has a slope (𝑘1) and a y-intercept (ln (𝑇1)). 
For a given set of parameters, Equation (A5.7) provides the thickness at any distance 𝑟𝑖𝑗 

(measured from the source) and angle 𝜙𝑖𝑗 (measured anticlockwise from the ellipse’s major 

axis). In addition, if this equation is integrated throughout the space, then a volume is obtained 

(in km3): 

 𝑉 = 2(
𝑇0
1000

)(
1

𝑘0
2 + 𝑒

𝐴𝑘0 (
1 − 𝐴𝑘1

𝑘1
2 −

1 − 𝐴𝑘0

𝑘0
2 )) (A5.8) 

Among the many tephra layers identified in the study area, only four deposits have been 

relatively well studied to provide a reliable estimation of their volumes. They are the Corte 

Blanco tuff (>35 km3, ~6.3 Ma, Ramadas Volcanic Complex; Tait et al., 2009; Coira et al., 

2018), the Cerro Blanco eruption (>100 km3, ~4.2 ka, CBVC; Fernández-Turiel et al., 2019; 

Báez et al., 2020), the Sóncor eruption (~1.5 km3, ~26.5 ka, Láscar volcano; Gardeweg et al., 

1998; Calder et al., 2000), and the Láscar 1993 eruption (<0.1 km3, April 1993, Láscar volcano; 

Calder et al., 2000; Gardeweg et al., 2011). Recent debate about whether the volume of the 

Cerro Blanco eruption is that high, due to its intensive reworking (Báez et al., 2020), 

encouraged to conduct a new volume calculation here based on some key locations where only 

primary thicknesses have been confidently measured. To do so, Equation (A5.7) was tested for 

a randomly sampled set of parameters 109 times, and Equation (A5.8) was applied only when 

all the calculated thicknesses were within an error of 50% compared to the measured 

thicknesses. A volume was therefore obtained that follows a lognormal distribution with a two 

sigma confidence interval between 4.7 and 29.1 km3, and a mean of 11.7 km3 (Appendix 6, 

Fig. A6.6). 

The higher volume obtained above was rounded to 30 km3 and used as a maximum 

volume for our tephra modeling. Based on a worldwide compilation (e.g., Fierstein and 

Nathenson, 1992), the rest of the parameters were randomly defined as follows: 𝑇0 and 𝑇1 

between 0.001 and 10 m (where 𝑇1 ≤ 𝑇0), and 𝑘0 and 𝑘1 between -0.5 and -0.001 m (where 

condition 𝑘0 ≤ 𝑘1). Each set of parameters was used to calculate a volume based on Equation 

(A5.8), and selected (discarded) if the calculated volume was lower (higher) than 30 km3. Then, 

the dispersal axes of the most conspicuous tephra deposits (12) identified in the volcanic 
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geodatabase (Chapter 4) were calculated, obtaining wind directions (𝜑0) between 205° and 

340°. Finally, eccentricities (휀) were defined between 0 and 1. Each of these parameters was 

randomly sampled assuming a uniform distribution. 
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Appendix 6: Spatio-temporal hazard assessment: input parameters and 

modeling results 

Table A6.1. Vent classification scheme according to vent label. See footnote for legend 

Vent label Vent classification 

(d) M 

(d,da) M 

(d,p) M 

(d,p,pf) T 

(d,pf) M 

(d,pf,da) T 

(da) M 

(l) M 

(l,d) T 

(l,d,da) T 

(l,da) M 

(l,pf) M 

(l,pf,da) T 

(p) M 

(p,d,da) T 

(p,d,pf,da) T 

(p,da) M 

(p,l) M 

(p,l,d) T 

(p,l,da) T 

(p,pf) M 

(p,s,l) P 

(pf) M 

(pf,da) M 

(s) P 

(s,d) P 

(s,d,da) P 

(s,d,l) P 

(s,d,pf) P 

(s,d,pf,da) P 

(s,da) P 

(s,l) P 

(s,l,da) P 

(s,l,pf,da) P 

(s,p) P 

(s,p,l,pf,da) P 

(s,p,pf,da) P 

(s,pf) P 

(s,pf,da) P 

(d): Dome, (da): Debris flow/avalanche deposit, (l): lava flow, (p): loose pyroclastic material, (pf): PDC deposit, 

(s): Mixed volcanic material 

M: Monogenetic, T: Transitional-polycyclic, P: Polygenetic 
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Figure A6.1. Histogram of the H/L ratios calculated for PDCs (659 deposits in total). The data can be modeled 

as a normal distribution with a mean of 0.269 and a standard deviation of 0.095. 

 

Figure A6.2. Histogram of the volumes calculated for lava flows and domes (863 deposits in total). The data can 

be modeled as a lognormal distribution with a mean of -0.386 and a standard deviation of 0.817. 
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Figure A6.3. Histogram of the thicknesses calculated for lava flows and domes (512 deposits in total). The data 

can be modeled as a normal distribution with a mean of 63.19 m and a standard deviation of 43.36 m. 

 

Figure A6.4. Histogram of the volumes calculated for debris flows (165 deposits in total). The data can be 

modeled as a lognormal distribution with a mean of -1.004 and a standard deviation of 0.971. 
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Figure A6.5. Histogram of the thicknesses calculated for debris flows (165 deposits in total). The data can be 

modeled as a lognormal distribution with a mean of 1.274 and a standard deviation of 0.483. 

Figure A6.6. Histogram of the volumes calculated for the Cerro Blanco eruption. The data can be modeled as a 

lognormal distribution with a mean of 11.7 km3 and a standard deviation of 1.58 km3. 
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Figure A6.7. Mean value (red line) and standard deviation (orange region) for those pixels whose combined 

probability contribute to the 99.9% of the spatio-temporal cumulative probability. The mean probabilities were 

sorted from smallest to largest. Figure developed based on the PDCs probabilistic matrix. 

 

Figure A6.8. Mean value (red line) and standard deviation (orange region) for those pixels whose combined 

probability contribute to the 99.9% of the spatio-temporal cumulative probability. The mean probabilities were 

sorted from smallest to largest. Figure developed based on the ballistic projectiles probabilistic matrix. 

 

 

 

 



 

222 
 

 

Figure A6.9. Mean value (red line) and standard deviation (orange region) for those pixels whose combined 

probability contribute to the 99.9% of the spatio-temporal cumulative probability. The mean probabilities were 

sorted from smallest to largest. Figure developed based on the lava flows probabilistic matrix. 

Figure A6.10. Mean value (red line) and standard deviation (orange region) for those pixels whose combined 

probability contribute to the 99.9% of the spatio-temporal cumulative probability. The mean probabilities were 

sorted from smallest to largest. Figure developed based on the debris flows probabilistic matrix. 
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Figure A6.11. Probabilistic volcanic hazard map zoomed in at the Láscar and Socompa clusters. Main figure is 

the same as in Fig. 6.8b. 

 

Figure A6.12. Probabilistic volcanic hazard map zoomed in at the Socompa and Lazufre clusters. Main figure is 

the same as in Fig. 6.8b. 
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Figure A6.13. Probabilistic volcanic hazard map zoomed in at the Incahuasi cluster. Main figure is the same as 

in Fig. 6.8b. 

 

Figure A6.14. Probabilistic volcanic hazard map zoomed in at the Antofagasta and Incahuasi clusters. Main figure 

is the same as in Fig. 6.8b. 

 



 

225 
 

Figure A6.15. Probabilistic volcanic hazard map zoomed in at the Tuzgle region. Main figure is the same as in 

Fig. 6.8b. 

 

Figure A6.16. Cumulative probability of occurrence versus forecasting time interval for three different event 

volumes, 0.01, 0.1 and 1 km3. 
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Figure A6.17. Spatial distribution of the volcanism showing the current arc and back-arc regions (thick red line). 

The probability isocontour 10-5.4 was used to define the boundary between these two regions. Figure constructed 

using data from Fig. 6.3d. 
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Additional files 

Additional File 3.1: Excel file containing sheets for different volcano-structural datasets for the 

Carrán-Los Venados volcanic field. 

Additional File 3.2: Excel template for obtaining the parameters δ and θ of a Weibull function. 

Additional File 3.3: Excel file containing the topography of the Carrán-Los Venados area 

written in ASCII format. 

Additional File 3.4: MatHaz code (m files stored in a zip file). 

Additional File 4.1: Excel file containing: 1) radiometric ages’ compilation; 2) ignimbrite 

information; and 3) references. 

Additional File 4.2: Volcanic geospatial database (kmz files stored in a zip file). 

Additional File 4.3: Volcanic geospatial database (shp files stored in a zip file). 

Additional File 4.4: Matlab codes (m files) to model erupted volumes, eruption rates, and 

magmatic addition rates using a modified version of the volcanic features’ layer from the 

volcanic database (Excel file) (files stores in a zip file). 

Additional File 5.1: Excel file containing sheets for volcanic vent and structural data, modified 

from the volcanic geospatial database compiled in Chapter 4. Volcanic vents were grouped into 

30 time bins of 1 Myr each. 

Additional File 6.1: Volcanic vents’ layer modified from the volcanic database (shp files stored 

in a zip file). 

Additional File 6.2: Excel file containing sheets for volcanic vent and structural data, modified 

from the volcanic geospatial database compiled in Chapter 4. Volcanic vents include an 

estimation of the number of events. 

Additional File 6.3: Excel file containing the topography of the 22.5-29°S segment of the 

Central Volcanic Zone of the Andes written in ASCII format. 

Additional File 6.4: Spatial density maps of volcanic activity developed for 36 time bins of 1 

Myr each (jpg files). An animation made from these figures is also included (gif file) (files 

stored in a zip file). 

Additional File 6.5: Spatio-temporal probability maps of volcanic activity developed for 37 

different time intervals varying from 1 to 10,000 years (jpg files). An animation made from 

these figures is also included (gif file) (files stored in a zip file). 

Additional File 6.6: Excel file containing all the settlements (692) that can be affected in case 

an eruption occurs in the study area. 

 

 

 

 


