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Abstract

Large-scale volcanic deformation recently detected by radar interferometry (InSAR)
provides new information and thus new scientific challenges for understanding volcano-
tectonic activity and magmatic systems. The destabilization of such a system at depth
noticeably affects the surrounding environment through magma injection, ground
displacement and volcanic eruptions. To determine the spatiotemporal evolution of the
Lazufre volcanic area located in the central Andes, we combined short-term ground
displacement acquired by InSAR with long-term geological observations. Ground
displacement was first detected using InSAR in 1997. By 2008, this displacement
affected 1800 km? of the surface, an area comparable in size to the deformation observed
at caldera systems. The original displacement was followed in 2000 by a second, small-
scale, neighbouring deformation located on the Lastarria volcano. We performed a
detailed analysis of the volcanic structures at Lazufre and found relationships with the
volcano deformations observed with InNSAR. We infer that these observations are both
likely to be the surface expression of a long-lived magmatic system evolving at depth. It
is not yet clear whether Lazufre may trigger larger unrest or volcanic eruptions;
however, the second deformation detected at Lastarria and the clear increase of the
large-scale deformation rate make this an area of particular interest for closer continuous

monitoring.
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Zusammenfassung

Vulkanische Deformationen in groem MalBstab, die mittels INSAR gemessen wurden,
liefern neue Informationen und dadurch einen neuen Blickwinkel auf vulkan-tektonische
Aktivititen und das Verstindnis von langlebigen, magmatischen Systemen. Die
Destabilisierung eines solchen Systems in der Tiefe beeinflusst dauerhaft die Oberfliche
durch Versatz des Bodens, magmatische Einfliisse und vulkanische Unruhen.

Mit der Kombination aus kleinrdumigem Bodenversatz gemessen mittels InSAR,
numerischer Modellierung und langfristigen geologischen Beobachtungen, analysieren
wir die Gegend um den Vulkan Lazufre in den Zentralanden, um die raumzeitliche
Entwicklung der Region zu bestimmen. Bodenversatz wurde hierbei im Jahr 1997
mittels Radar-Interferrometrie (InSAR) gemessen, was eine Fldche von 1800 km?
ausmacht, vergleichbar mit der GroB3e der Deformation des Kraters. Im Jahr 2000 wurde
zusitzlich eine kleinrdumige Deformation am Nachbarvulkan Lastarria entdeckt.

Wir sehen rdumliche als auch zeitliche Verbindungen zwischen der Deformation des
Vulkans und vulkanischen Strukturen innerhalb der betroffenen Gegend. Wir folgern
daraus, dass diese Beobachtungen der Ausdruck eines langlebigen, magmatischen
Systems in der Tiefe an der Oberfliche sind. Es ist noch nicht klar, ob Lazufre groflere
vulkanische Unruhen, wie zum Beispiel Eruptionen auslosen konnte, aber die
Deformation am Vulkan Lastarria und ein Anstieg der grofrdumigen Deformationsrate,

machen diese Region interessant fiir eine zukiinftige, kontinuierliche Uberwachung.
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Chapter 1

Introduction

1.1 Goals and motivation

The main goal of this study is to improve our understanding of large magmatic systems
using an approach that combines ground deformation (InSAR), numerical modelling and
geological observations. The results presented here have several implications. Lazufre is
a rare case of large-scale volcano deformation, with similar dimensions only observed
elsewhere in caldera systems. Our results represent a new comprehensive analysis of
large-scale volcanic complexes from remote sensing down to localised observations.
Lazufre hosts two contemporaneous volcano deformations of different scales and
different source depth locations. It is known that neighbouring volcanoes may interact,
but the mechanisms at work are still not well understood. Using numerical modelling,
we analyse the stress field induced by the inflation of a deep source and propose that
changes in the induced stress field may have in turn triggered the reactivation of the
second, shallow volcanic system. In addition, although these geodynamic processes
affect and shape the volcanic arc, our results, based on volcanic unrest expressed in
short-term surface deformations (InSAR) and long-term volcano lineament settings, may

conversely provide information about regional tectonic activity through time.
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1.2 Volcano-tectonic relationship

The intraplate stress regime in active tectonic areas influences the orientation of
magmatic reservoirs and dikes (Nakamura, 1977a, Tibaldi, 1995). A subtle equilibrium
between the regional stress field and the stress induced by the magma accumulation, as
well as pre-existing structures and local gravitational effects, governs the structure and
the shape of volcanoes (Fiske and Jackson, 1972; Takada, 1994; Acocella, 2003).

In this work, we combine classic structural mapping of volcano lineaments with the
analysis of volcano deformation using InSAR with the aim of understanding the
relationship between volcanic and tectonic activity. Lazufre hosts several volcano
deformations that affect around 100 volcanic centres. Using InSAR, we observe at
Lazufre a 1800 km” elliptical deformation that has its major axis oriented in the NNE-
SSW direction. To place this deformation in its geological context, we perform a
detailed analysis of the volcanic structures using remotely-sensed optical images and
aerial photographs. We find a close relationship between the actual elliptical
deformation, the volcanic vent concentrations and the orientation of vent lineaments.
Both the deformation and the volcanic structures appear to be related in time and space
and to be influenced by a constant remote stress field present since the Pleistocene (see

details in chapter 4).

1.3 Large-scale volcano deformation

Recent large-scale surface deformation detected by radar satellite techniques (InSAR) in
the volcanic area shows ground displacement affecting areas larger than 1000 km?, as
observed in Hualca Hualca, Uturuncu, Cerro Blanco and Lazufre in South America
(Pritchard, 2002), at the Yellowstone and Long Valley calderas in North America

(Chang et al., 2007; Tizzani et al., 2008) and at Uzon in Kamchatka (Lundgren and Lu.,
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2006). These deformations are mostly related to caldera systems responsible in the past
for large ash-flow eruptions with volumes up to 1000 km® (Lipman, 1997; de Silva and
Francis, 1991). In South America, however, these surface deformations are not directly
related to clear caldera structures, with the exception of Cerro Blanco (Pritchard and
Simons, 2002). The mechanisms responsible for these widespread ground displacements
are not yet fully understood. Although the new input of deeper magma in a magmatic
reservoir may induce transient observable surface deformation (Annen, 2009),
hydrothermal activity alone may also produce large-scale ground displacement, as is
observed at Yellowstone (Hurwitz et al., 2007) and Campi Flegrei (Gottsmann et al.,
2003). Therefore, geodetic analysis alone provides only a partial understanding of the
phenomenon and needs to be complemented with other approaches. While volcanic
systems such as the Yellowstone, Long Valley and Campi Flegrei calderas are generally
well monitored by complementary geophysical and geodetic studies, the Lazufre area
was poorly studied before ground displacement was detected there in 1997 (Pritchard
and Simons, 2002). The present study aims to implement InSAR data with
complementary approaches to better understand the spatiotemporal evolution and

activity change at Lazuftre.

1.4 Methods used

1.4.1 Remote sensing observations

Remote sensing is the keystone of this study and provides observation data for both
ground deformation analysis and structural analysis. These data are employed further in
numerical modelling to understand the processes at work. For more than a decade,
Interferometric Synthetic Aperture Radar technique (InSAR) has provided dense spatial

maps of ground deformation that allow for the analysis of a deformation as an entity.
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InSAR is a powerful tool that can improve our understanding of ground deformation and
related mechanisms in volcanic areas. InSAR techniques use the phase difference
(interferogram) between SAR image pairs separated in time, allowing one to obtain
temporal and spatial surface displacement projected in the satellite line-of sight (LOS).
Deformation time series may then be produced to obtain mean deformation velocity
maps and time series with average standard deviation of 0.2 cm and +0.5 cm/yr,
respectively (Casu et al., 2006).

To assess the tectonic context at Lazufre, we first map out volcanic features as eruptive
fissures, as well as plotting vent locations and orientations. For this purpose, we use
Landsat images with a ground resolution of 15 m after sharpening. Next, we
georeference aerial photographs that partially cover the Lazufre volcanic area and
surroundings.

These geodetic datasets are then inputted into a GIS platform that allows us to combine
different results in a layered interface. For instance, Landsat and aerial photographs
overlaid on a 30 m DEM facilitate classification of volcano typologies and also provide
relative dating of the observed volcanic products, as well as permitting the determination
of precise volcano orientations and related structures. This approach enables us to test
potential relationships between InSAR deformation and mapped volcano features and to

better understand recent large deformation in its volcano-tectonic context.

1.4.2 Field observations at Lazufre

In 2007 and 2008, field missions were organized at Lazufre and at the Lastarria volcano
to install GPS and gravity benchmarks across Lastarria (Ruch, Le Corvec, Labazuy,
Froger and Bonvalot) and a seismic network in and around the Lazufre volcanic area (PI
Walter). These networks aim to provide a longer term perspective on the volcanic

processes in action, complementing the InNSAR observations with ground-truth analysis.
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In the shorter term, these missions also shaped our understanding of Lazuftre itself. GPS
and gravity network results are not part of the present study, although future fieldwork at
these sites will provide valuable information regarding changes in the deformation and
better constrain the evolution of the source at depth.

In January 2008, GFZ (Walter, Luhr, Gunther, Ruch), Hamburg University (Dahm) and
University of Chile (Legrand) organised a field mission to install a network of 23 broad-
band seismic stations covering the Lazufre area for a period of three months. These
stations were intended to observe seismic activity possibly triggered by inflation of the
deep magmatic source. Preliminary results show a low concentration of deep seismicity,
with higher local seismicity close to the Lastarria volcano. From 1 to 18 March 2008,
Ruch, Aguilera, Manconi and Chilean students set up a multi-parameter station in a
fumarolic field (5200 m asl) located on the western flank of Lastarria during a test
period of four days to assess possible variations in hydrothermal activity. A Lacoste-
Romberg gravimeter sampled continuously at 1 Hz along with a pressure sensor and
three thermocouples registering at high temperature fumaroles and at the gravimeter
location. Although the results show very low gravity amplitude signal variations at the
level of instrumental errors, we did register a remote earthquake and possible daily

temperature variations.

In parallel, we developed a collaborative network with Chilean and French partners

during this fieldwork that is of importance for future projects in the Andes:

- University Blaise-Pascal (France): Dr. J.-L. Froger and P. Labazuy
- IRD (France): Dr. S. Bonvalot
- Universidad Catolica del Norte (Antofagasta, Chile): Prof. E. Medina

- Universidad de Calama (Chile): Dr. F. Aguilera
17



- University of Chile (now at Mexico State University): Dr. D. Legrand

1.4.3 Modeling surface deformation

Surface deformation observed by geodetic techniques (InSAR, GPS, levelling, tiltmeter,
gravity) may be an indirect indicator of magmatic and/or hydrothermal subsurface
activity and/or mass movements. To obtain complementary information about the source
at depth, analytical solutions based on simple geometry source models are also
implemented in numerical models to analyse and assess the source characteristics (Mogi,
1957; Okada, 1985 & McTigue, 1985). We are thus able to retrieve information about
the source location and evolution, estimating, for instance, its depth, volume and
pressure change. Our models are run in a homogeneous elastic half-space domain.
Although no additional geophysical or geological data are available at Lazufre at present
to construct more realistic models, our findings provide first order information about the
source characteristics. Future results from seismic tomography and GPS analysis will
certainly improve our understanding of the source located below the Lazufre volcanic

arca.

1.5 Thesis organisation

The analysis and results presented in this manuscript represent a stepwise approach that
addresses different aspects of volcano deformation with the overarching aim of gaining a
clearer understanding of the Lazufre volcanic system as a whole. This project
encompasses a detailed study of the geological structures present up to a general

analysis of the deformation signal.
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1.5.1 Caldera-scale inflation of the Lazufre volcanic area, South America: evidence

from InSAR

In chapter 2, we used classic InNSAR observations and numerical modelling to analyse
the source characteristics responsible for the long wavelength signal, estimating depth,
volume change and surface displacement for the period spanning 2003 to 2006 (Ruch et
al., 2008, published in JVGR). We observed an increase of the uplift rate, which we
attribute to a source expanding at 10 km depth. We argue that the deformation may be
related to a long-lived magmatic system expanding at depth.

Author contributions: Anderssohn processed the interferograms, Motagh provided the
inversion script. Ruch and Walter carried out the project. The analysis of the dataset,
the geological study and the written manuscript were the work of Ruch under the

supervision of Walter.

1.5.2 Stress transfer in the Lazufre volcanic area, central Andes

Although we discuss and analyse the long-wavelength signal of the Lazufre deformation
in chapter 2, Froger et al. (2007) detected a second local deformation affecting the
Lastarria volcano. In chapter 3, we test a possible relationship between both systems,
explaining them with a deep source for Lazufre and a shallow source for Lastarria.
Using InSAR time series (Berardino et al., 2003) spanning 1996 to 2008, we observed a
possible time delay separating the deformations. Using a numerical model, we propose
in the second chapter (Ruch et al. 2009, published in GRL) that a deep inflating
reservoir increased the tensile stress close to the surface, thus possibly triggering the
deformation observed at Lastarria.

Contributions: IREA colleagues (Zeni, Solaro, Peppe, Lanari) processed the InSAR time

series datasets, Shirzaei provided an inversion code for Lastarria, Walter, Manconi and
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Ruch carried out the project, Ruch analysed the dataset with the collaboration of

Manconi and Ruch wrote the manuscript under the supervision of Walter.

1.5.3 Short-term and long-term volcano deformations as potential stress field

indicator in the central Andes

Although geodetic observations alone provide limited information about the long-term
(1077 years) evolution of Lazufre, in chapter 4, we analyse the volcanic features located
inside and in proximity to the deforming area (Ruch & Walter. 2010, published in
Tectonophysics). We used remote sensing data (Landsat, aerial photograph) to assess
the volcanic structures and found that the deforming area (InSAR) contains a higher
concentration of volcanic vents than the surroundings. We further propose that both
short-term (InSAR) and long-term (volcano lineaments) observations may be used as
complementary proxies to assess the stress field orientation in the volcanic arc since the
Pleistocene.

Contributions: Strecker and Walter shared fruitlful discussions with Ruch during the
concept development; Lanari provided the InSAR dataset. The author undertook both

the remote sensing analysis and the writing under the supervision of Wallter.

1.5.4 Salt lake growth detected from space

Beside volcano deformation, the surroundings of the Lazufre area host several other
local, non-volcanic deformation types as observed at salars and on volcano flanks (see
chapter 3). Chapter 5 is an example of how full InSAR datasets may be analysed to
better assess the deformation mechanisms. Using high-resolution InSAR data combined
with ground truth geochemical data and ground composition obtained from Landsat
images, we propose that the deformation is the result of salt precipitation and

accumulation, driven by capillarity and crystallization process. These results were
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presented at an International Congress and will be submitted soon in a peer-reviewed
journal.

Contributions: Risacher and Warren provided expertise regarding the physical and
chemical properties of evaporates, and Lanari provided the InSAR dataset. Ruch
elaborated on the concept with the collaboration of all authors, while the analysis of the

dataset and the writing was done by the author.
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Chapter 2

Caldera-scale inflation of the Lazufre

volcanic area, South America: evidence

from InSAR

J. Ruch, J. Anderssohn, T.R. Walter, M. Motagh

GeoForschungsZentrum Potsdam, Telegrafenberg, D-14473, Potsdam, Germany

Abstract

Collapsed calderas are the structural surface expression of the largest volcanic eruptions
on Earth and may reach diameters of tens of kilometres while erupting volumes larger
than 1000 km’. Remnants of collapse calderas can be found along the South American
volcanic arc and are thought to be inactive. However, this study shows that systems of
such dimension may become active in a relatively short period of time without attracting
much attention. Using satellite-based InSAR data, a 45 km wide elongated area of
ground deformation was observed in the Lazufre volcanic region (Chile), where no
deformation was detected 10 years ago. The deformation signal shows an uplift of up to
~3 cm yr' during 2003-2006, affecting an area of about 1100 km?, comparable in size

to super-volcanoes such as Yellowstone or Long Valley. This deformation signal can be
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explained by an inflating magma body at about 10 km depth, expanding and propagating
laterally at a velocity of up to 4 kilometres per year. Although it is not clear whether this
intrusion will lead to an eruption, its dimensions and the rapid deformation rate insinuate

that a potentially large volcanic system is forming.

2.1 Introduction

Collapse calderas are subcircular depressions in volcanic areas that are thought to form
during rapid evacuation of a shallow crustal magma chamber and are associated with the
most devastating type of volcanic eruptions (Lipman, 1997; Williams, 1941). No major
caldera-forming eruptions have been witnessed by mankind, except for the Minoan
eruption on the Santorini Island (~3600 BP) and the Great Toba caldera eruption
(Indonesia) at 71,000 BP that is thought to have drastically reduced the genetic diversity
of the human population (Ambrose, 1998). Although the processes acting during caldera
eruptions have been extensively studied in the field and laboratory (Cole et al., 2005),
the early development of magmatic systems responsible for such eruptions remain
poorly understood and controversial. It is well accepted in the literature that large
calderas are associated with large crustal magma chambers (Cole et al., 2005; de Silva,
1989; Francis et al., 1989; Ort et al., 1996; Lipman, 1997). However, such magma
bodies at depth are seldom geophysically constrained and clear evidence of in situ
magma reservoirs beneath volcanoes is rare (Marsh, 2000).

The subduction of the Nazca plate beneath South America is responsible for the uplift of
the Altiplano-Puna plateau (16°S-26°S), part of the Central Volcanic Zone (CVZ, 14°-
28°S). The thickening of this high - elevated zone leads to extensive crustal melting (de
Silva, 1989) that has resulted, during the last 20 million years, in one of the most

voluminous explosive volcanic provinces in the world. Caldera collapses and associated
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ignimbrite deposits represent the dominant type of volcanism in this area, partially
superimposed by younger stratovolcano edifices. Chile hosts 36 historically active
volcanoes and 16 major calderas, with diameters of up to 50 km (Lipman, 2000). The
Altiplano-Puna plateau is known for its abundance of ancient large caldera collapses that
occurred in geologic times, examples being La Pacana (60x30 km, long and short axis
diameters, respectively), and Cerro Galan (35x20 km).
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Figure 1: Shaded relief map of the central Chile volcanic arc and the location of the
inflation at the Lazufre volcanic area. Older caldera systems are shaded in light blue,
with faults are marked by black lines.

In this work we focus on the Lastarria-Cordon del Azufre volcanic area (“Lazufre” after
Pritchard and Simons, 2002), a region composed of about 40 Quaternary volcanic
centres surrounded by older caldera systems (Figure 1). Inflation of up to ~ 1 cm yr'

during the period 1996-2000 was first observed using satellite SAR interferometry
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measurements by Pritchard and Simons (2002, 2004). A more recent study showed that
the rate of inflation had increased, such that at around 2005 it was 2.5 cm yr' (Froger,
2007). Here we analyse newly acquired SAR data from the Envisat satellite for the
period 2003 to 2006 to better assess the temporal and spatial evolution of surface
deformation at Lazufre, and to determine its source parameters. Analysis of the data
suggests that the extent and rate of inflation is further increasing. Using a time series
analysis, we are able to constrain the volume change and discuss the dimension of a

proposed magma reservoir underlying this area.

2.2 The 2003 — 2006 deformation
2.2.1 InSAR data

In order to study land-surface deformation in the Lazufre area, we selected 11 Envisat

SAR images acquired in descending orbit covering the period between
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Figure 2: Time series of the 19 radar interferograms showing deformation at Lazufre
from March 2003 to June 2006. The interferograms used for the deformation rate
calculations are shown by bold black lines. The numbers on the left are the
interferogram’s numbers used in the text. The numbers on the right denote the
perpendicular baseline in meters.
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March 2003 and June 2006. We processed the data using the software package

SARscape (www.sarmap.ch) and generated 19 interferograms with perpendicular

baselines ranging between 20 and 330 m (Figure 2). A 3 arc-second SRTM digital
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Figure 3: Unwrapped InSAR data for different temporal baselines. Note that the area
and amount of uplift increases with time and that the area of the deformation contains
several volcanic centres.

elevation model was used to correct for topographic effects and to geocode the
interferograms. The differential interferograms were unwrapped using a growing region
algorithm (Reigber and Moreira, 1997) to determine the absolute value of the range
change. To reduce the InSAR typical noise we applied a low - pass Kernel filter on the
geocoded unwrapped results and applied pair-wise logic to discriminate between the

displacement signal and atmospheric artefacts (Massonnet and Feigl, 1998).
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Interferograms that show significant artefacts due to topographic, atmospheric or orbital
errors were not considered in this study. However, the accuracy of InNSAR measurements
is still difficult to quantify due to the complexity of the cumulative error estimations
(Bilirgmann et al., 2000 Massonnet & Feigl 1998). The coherence of the InNSAR pairs in
the region is generally high for the observation time period of interest that is between
2003 and 2006. Figure 3 shows four examples of the interferograms covering time
intervals of 0.5 to 3.2 years. The interferograms show the LOS (line-of-sight)
displacement, where both the amount and spatial extent of the signal appear to increase
with time. The maximum displacement rate is hence 2.8-3 cm yr' for the observation
period 2003-2006, which is ~ 3 times more than that deduced from earlier InSAR
observations for the period 1998-2000 (Pritchard and Simons, 2002) and slightly more

than that estimated for the period 2003-2005 (Froger et al., 2007).

2.2.2 Volume and area increase

We now investigate the increasing rate of surface deformation by analysing the volume
evolution of the uplifted area. We use interferograms with time spans from 140 up to
1155 days to compute incremental volume changes with time. We mask out the dataset
below one centimetre to avoid the integration of sparse signals present below this
threshold. For comparison we select four interferograms that start in 2003 (similar
master image) with different time intervals (dissimilar slave images). These volumes are
normalized with respect to the time interval they span to obtain the mean annual uplift
rate. The results are shown in Figure 4a. Over the considered time interval, the mean rate
of inflation increased from about 3 + 1.5 to 6 + 0.74 x10° m’ yr''. The area affected by

the deformation enlarged from about 300 + 158 km” yr' to 900 + 124 km” yr'' (Figure
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4b). We tested this rate by selecting another set of InSAR data, where the
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Figure 4: Time series plots showing the increase of the volume and the area of the
surface displacement at Lazufre. Four normalized unwrapped interferograms span the
period 2003-2006. Interferograms n° 2, 5 and 6 have the same master image, while
interferogram n° 7 has a master image that is close in time (35 days) to the former. The
same trend is observed using three other normalized independent interferograms (c, d).
Vertical bars indicate the standard deviation assuming 1 cm deviation in the InSAR
measurements.

slave image of the first is the master image of the second interferogram, and so on.
These yielded volume increases from 3+1.5 to 9 + 1.9 x10° m® yr’', and area increases
from 300 + 158 km? yr' to 1000 + 320 km” yr”' (Figure 4c, d). The rates of increase are
thus very similar in both cases. As we will show in the next section, the deformation

source underlying the Lazufre area is therefore increasing in its dimensions.

2.2.3 Source modelling

In order to characterise the source of the inflation, we performed an inversion in a two-

step process. First, we constrain the depth of the source by applying a homogeneous
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dislocation source, and second, we discretize this source into smaller elements and
calculate the distribution of opening.

The InSAR data are fitted using Okada’s formulation (1985) to estimate the length,
width, depth and uniform opening of a dislocation plane. Regarding the shape of the

surface displacement, we constrained the strike (direction of deformation), the ratio

40 km 2cm yr!
a) InsAR data
- 25°00
- 25750
bl Model - 68°25 - GE"ES

) Residual

d) Profile

A
4 — obs
— mod

[em]

[=]

Figure 5: InSAR data inversion using Okada’s formulation for the four studied
interferograms: 1) 13Apr03-314ug03, 2) 09Mar03-28Nov04, 3) 09Mar03-31jul05, 4)
09Mar03-07May06. a) Normalized unwrapped InSAR data is showing uplift up to 3 cm
vyl with increasing area. b) Model simulations with a horizontal rectangle dislocation
source (Okada, 1985) located at 10 km depth. c) Residual test between the InSAR data
and the models show a good fit.

between the length and the width, and define the source as horizontal. The inversion is
done using a non-linear Levenberg-Marquardt algorithm via the minimization of the
mean square misfit (Tarantola, 1987). We find that, for the interferograms inverted,

sources with depth from 8.5 to 13 km provide reasonable fit to the data. Figure 5 shows
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the normalized InSAR data, together with the best fitting models derived from the
inversion.

In the second working step, we constrain the optimal depth to be at 10 km, enlarge the
horizontal plane at lateral edges and discretize it into smaller triangular elements (see

also Lundgren and Lu, 2006). We solve for opening on each of the elements
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Figure 6: InSAR data inversion using distributed slip (observation data as in Figure 5)
a) Normalized unwrapped InSAR data, b) Horizontal distributed slip model simulations
¢) Residual test between the InSAR data and the models.

using a linear inversion implemented by a boundary element approach (Maerten et al.,
2005; Thomas, 1993). Compared to the homogeneous slip models, the distributed slip
models show better fits to the InSAR data due to the geometry of the source (Figure 6).
The slip distribution suggests a maximum opening of 5 to 6 cm yr' (Figure 7),
equivalent to a fluid overpressure of about 20 MPa, assuming a mean value of 75 GPa

for the crust rigidity. Moreover, by comparing the opening distributions for the various
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interferograms, we obtain information about the lateral expansion of the source.
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Figure 7: Dislocation plane models showing slip distribution at 10 km depth using
normalized interferograms from 2003-2006. The peak of opening is about 6 cm y” for
all the dislocation models, whereas the source propagates laterally at a velocity of about
1-4 km yr'. These models are consistent with a laterally expanding magma intrusion.

As shown in Figure 7, the source laterally expands with time, while the rate of volume
change doubles over the 3-year time-period, from 6x10°m’ yr' to 12x10°m’ yr™. This is
several orders larger than common rates in arc volcanoes (Ingebritsen et al., 1989). Our
models suggest that the source expands from about 300 to 650 km? and is elongated in a
NNE-SSW direction. An important implication is that the axes of the source propagate
horizontally at a rate of up to about 4 km yr™', respectively. Although the total difference
of volume (AV) of this assumed magma body is not yet comparable to that of ashflow
systems, the spatial dimension of the source and the surface doming is already
comparable to that of the largest known calderas. As discussed below, however, the total

volume of the source may be much larger than its currently observed volume changes.

2.3 Discussion

During the Quaternary period, about 130 large calderas erupted worldwide (Newhall and
Dzurisin, 1988). Of these, about 10 caldera volcanoes are currently in a state of unrest
(Siebert and Simkin, 2002-) and only a few are closely monitored. One main difficulty is
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to detect and characterise the magma storage system, an important variable for volcano
hazard assessment. As caldera formation requires a shallow crustal magma chamber, the
latter could be detected prior to caldera evolution. In this study, we use InSAR data to
obtain insights into the evolution of a volcanic area subject to inflation that may be
linked to a >30 km diameter magma chamber. Our InSAR data suggest that the extent of
uplift > 1 cm is about 1100 km?, centred at 25.25°S and 68.49°W. As proposed by
Pritchard and Simons (2004), deformation in this region most probably started in early
1998 and may be related to magma intrusion. Our study reveals that this process
continues and has even increased its rate of volume accumulation. We find that the
detected normalized displacement rate tripled from 2003 to 2006, and the rate of volume

increase has doubled over the same period.

2.3.1 Limitations of the models

Important informations for Lazufre volcano complex were retrieved from InSAR data,
however, we note that data handling and model building may depend upon the a-priori
information available for the study object and the methods applied. Implementations
with additional geophysical and petrological data can reduce a part of the actual
limitations. The lack of such information does not support more complex model
simulations including, for example, crustal heterogeneities that are known to have
important effect on the source parameters (Manconi et al. 2007). Uncertainty exists in
the source location, strength and finite geometry. For instance, subvertical displacement
data alone, without additional horizontal displacement measurements, is limited to
constrain unambiguously the geometry of the deformation and subsequently the source
parameters (Dieterich and Decker, 1975). Besides modelling limitations, errors in
geodetic data may also significantly effect the interpretation. The accuracy of InSAR

measurements is still difficult to quantify due to the complexity of the cumulative error
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estimations (Biirgmann et al., 2000; Hanssen, 2001; Massonnet & Feigl 1998), and even
under ideal conditions, only centimetre accuracy can be estimated in many cases.
Therefore, our hypothesis and data interpretation may be influenced by the data quality,
atmospheric and topographic artefacts, and filtering techniques applied, as well as

simplifications that were necessary for the model calculations.

2.3.2 Multiple source evidence

Froger et al. (2007) proposed a second, smaller source of deformation in the northern
part of the anomaly of Lazufre. This smaller source, located one kilometre beneath the
Lastarria volcano, is interpreted to represent shallow hydrothermal activity. In this study,
we performed a different modeling strategy and therefore obtain slightly different
results. While Froger et al. (2007) used uniform source model geometries constrained by
InSAR observations to fit the surface deformation pattern, we use distributed slip
models. Both are valid methods and complementary approaches and both well reproduce
the InSAR signal. Our approach does not resolve the second shallow source, however, it
brings new insights into the evolution of the source at depth and allows the estimation of

the spatio-temporal evolution and propagation of the intrusion.

2.3.3 The comparison to other inflation caldera systems

The InSAR data presented herein shows that the diameter of the surface inflation is
45x30 km wide. This dimension implies the presence of an extended magma body,
which is also supported by geomorphology: The area displays a regional topographic
dome of about 500 m height which has a central depression crowned by a ring of

Quaternary volcanoes (Froger et al., 2007; Pritchard & Simons, 2002). In addition, three
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major volcano lineaments represented by the Lastarria, two unnamed important
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Figure 8: Ground deformation of volcanic area larger than 5 km in diameter, as
measured by InSAR. The periods of observations are from 1996-2000 for Yellowstone
(Wicks et al., 2006); 1997-1998 for Long Valley (Neumann et al., 2006), while the red
dots show the evolution of Lazufre from 2003 to 2006. The other large systems are: 1)
Sierra Negra (Galapagos islands), 2) Seguam island (Alaska), 3) Hengill volcano
(Iceland), 4) Three Sisters (North USA), 5) Uzon caldera (Kamchatka), 6) Makushin
(Alaska), 7) Cerro Blanco (Argentina), 8) Eyjafjallajokull (Iceland), 9) Mount Peulik
(Alaska), 10) Westdahl (Alaska) and 11) Uturuncu (Argentina).

volcanic fissures, Cordon del Azufre and Cerro Bayo converge radially to the central
depression (see Figure 1). A dome and an apical depression crowned by a ring of
volcanic centres are typical features for regions of inflation and of pre-caldera collapse
stages (see also Lipman, 2000).

In order to better place these dimensions in a global context, we compare different
inflation regions detected by InSAR. Figure 8 is a compilation of selected recent works
at volcanic areas subject to inflation larger than 5 km in diameter. We retrieve
approximate diameters from previous geodetic studies (Amelung et al., 2000; Feigl et
al., 2000; Lu et al., 2000, 2002a, 2002b, 2002¢c; Lundgren and Lu, 2006; Masterlark and
Lu, 2004; Newman et al., 2006; Pedersen and Sigmundsson, 2004; Pritchard and
Simons, 2002; Wicks et al., 2006) and add also the dimension of the Lazufre area for the

four observed periods shown in Figure 3. Figure 8 shows, for instance, that only a few
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other volcanic systems show deformations comparable in size, namely Yellowstone and
Long Valley in the USA, Uzon caldera in Kamchatka and the Hualca Hualca volcanic
area in Peru (Lundgren, 2006; Pritchard and Simons, 2002; Wicks et al., 2006). The
Lazufre volcanic area has increased in size from about 300 km? to 1100 km?, with an
average diameter from ~ 20 km to ~ 45 km (Figure 8), suggesting that Lazufre has the

potential to become the largest deforming volcano system on Earth.

2.3.4 Source origin

Recent studies of caldera systems have proposed that hydrothermal activity instead of
magma may cause ground displacements (Battaglia et al., 2006; Gottsmann et al., 2003;
Hurwitz et al., 2007). However, Lazufre shows no evidence for major hydrothermal
activity that could be responsible for the observed deformation pattern, with
hydrothermalism appearing to be limited to the fumarole activity on the Lastarria
volcano (Froger et al., 2007). Moreover, we believe that due to the buoyancy of
hydrothermal fluids, they may prefer a vertical propagation direction rather than the
horizontal propagation as identified by our InSAR time series models. Nonetheless,
ongoing ground-truth data, such as repeated microgravity campaigns and seismic
studies, will help to better constrain the nature of the source.

We herein consider that the lateral expansion at depth is related to magma propagation,
supposing an intrusion at the level of neutral buoyancy (Ryan, 1987). This depth is
slightly deeper than that based on thermobarometry studies of the Neogene ignimbrite
products in the CVZ (Central Volcanic Zone), that show evidence of mineral phases in
equilibrium typically in the depth range of 5 to 9 km (Schilling et al., 2006). We note
that the lower bound of our calculated source depth location is within this range,
dependent upon the constraints applied during the inversion. Our magma intrusion

hypothesis is in agreement with a study of the Puna plateau 200 km to the north, in
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which other authors propose that sub-horizontal crustal faulting is associated with mid

crustal-magma sheet intrusions (Riller and Oncken, 2003).

2.3.5 Earthquake triggering of magma intrusion

Of special interest is the question, why did the inflation of the Lazufre abruptly start in
1998. A connection with a series of tectonic-based earthquakes from 1995-1998
surrounding the Lazufre area may have encouraged a possible magma intrusion
(Pritchard 2002). The megathrust M8.1 Antofagasta earthquake, which occurred in June
1995, was followed by a series of M>6 earthquakes along with a M7.1 event in January
1998, located 250 km WNW from Lazufre. These events coincide with the start of the
surface deformation observed at Lazufre. Earthquakes may have reactivated pre-existing
structural weak zones in the volcanic arc and, hence, destabilized an existing magma
body (Walter and Amelung, 2007). Alternatively, the passing seismic waves may also

have triggered a perturbation of a magma reservoir (Manga and Brodsky, 2006).

2.3.6 Total volume of the source

Due to the absence of satellite data for the period 2000-2003, it is difficult to assess the
total volume of the source since the start of deformation in 1998. ERS1/2 satellite data
yield a volume-change rate of 6x10°m’ y"' from 1998 to 2000 (Pritchard and Simons,
2004), whereas our Envisat data show that rate increases from 6x10°m’ yr™' to 12x10°m’
yr! from 2003 to 2006. Assuming that the rate of inflation for the period 2000 to 2003
was the same as for the period 1998-2003 and then increased from 2003 to 2006, a total
volume of 0.05 km® may have been accumulated. This result is only representative of the
difference in volume (AV) after a perturbation of the source. We emphasize that this

does not necessary suggest a thin sill intrusion. We hypothesize that the source of the
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deformation could alternatively be related to the inflation of a larger, pre-existing

Same surface deformation for different source dimansions

new intrusion preexisting (inflating)
magma chamber

Figure 9: Two scenarios that may equally well explain the pattern of the source
geometry of the surface deformation at Lazufre. a) A sill expanding laterally at depth,
and b) a larger, pre-existing magma chamber inflating at depth.

magma body previously in a state of equilibrium (Figure 9). Earlier studies at a
Galapagos caldera illustrated that a large magma chamber with a flat roof can produce
the same amount and pattern of surface displacement as a thin sill (Yun et al., 2006).
The finite source of the deformation at Lazufre may therefore be much larger than the
volume change estimation presented here.

Evaluation of the thermal cooling of a magma body in a host rock may provide further
insights on the dimension of the magma body (using standard thermal cooling estimates
and ignoring the latent heat, see equations 4-149 - 4-150 in Turcotte and Schubert,
2002). Our InSAR data can be explained by a sill intruding at a rate of 6 cm yr”' with a
length of 35 km. If we consider a difference of temperature of 1000 K between the host
rock and a sheet-like intrusion, the latter will completely solidify in about 1.5 hours.
InSAR data, however, shows a constant inflation over a time series of 9 years, implying
that the magma body must be larger in order to remain fluid. We now follow an
approach applied by Yun et al., (2006) and inversely calculate the minimum magma

chamber thickness required for 9 years long intrusion duration. Assuming that the source
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of the Lazufre deformation has been constantly active since 1998 — 2006, the initial
thickness of the magma chamber would have been at least 30 m (for a 1000 K
temperature difference). Based on this result, the volume of the source would have been
at least 6 km’. These models are very simplified, but provide a first order estimation of a

much larger and yet realistic magma body volume.

2.4 Conclusion

InSAR data reveal a wide, elliptical ground inflation area with a long axis ~ 45 km in
length and a LOS displacement of up to 3 c¢m yr'. The volume and area involved
suggest a continuously-increasing rate since 2003. We interpret the source of the
inflation as a magma body up to 30 km in diameter, located at about 10 km depth. Even
though it is unclear if this rapid and wide deformation is a precursor of an eruption at
Lazufre, this study implies that apparently inactive zones may become subject to
deformation and develop into large dimension systems within a matter of a few years.
The total volume of the entire magma body remains unclear. The InSAR data shows a
volume change of 0.05 km’, which probably reflects only a minor part of a larger

magma reservoir.
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Abstract

In the present paper we generated a 13-year InSAR time series from 1995-2008 to
investigate the spatiotemporal characteristics of two neighboring volcano’s deformations
for the Lazufre volcanic area, central Andes. The data reveal two scales of uplift
initiating during the observation time: (1) a large-scale uplift started in 1997 that shows
an increase of the mean uplift rate of up to 3.2 cm/yr, now affecting several eruption
centers situated in an area larger than 1800 km? and (2) a small-scale uplift located at
Lastarria volcano, which is the only volcano to show strong fumarolic activity in
decades, with most of the clear deformation not observed before 2000. Both the large

and small inflation signals can be explained by pressurized magmatic or hydrothermal
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sources located at about 13 km and 1 km deep, respectively. To test a possible
relationship, we use numerical modeling and estimate that the deep inflating source
increased the tensile stress close to the shallow source during the period preceding the
first sign of deformation observed at Lastarria. We discuss how the deep inflating source

may have disturbed the shallow one and triggered the observed deformation at Lastarria.

3.1 Introduction

Stress field changes in volcanic areas have often been hypothesized to be responsible for
sudden, unexpected eruptions at volcanoes that are close to a critical state (Hill et al.,
2002). However, the importance of stress changes associated with adjacent volcanoes is
poorly documented, and responsible processes are not well understood. Here we
investigate two overlapping deformation signals affecting the Lazufre volcanic area and
the Lastarria volcano, and stress field change model suggest a possible relationship.

The Lazufre volcanic area (central Andes) is located on the Chilean-Argentinean border
about 300 km east of the subduction trench (Figure 1a). It is part of the highly elevated
Altiplano Puna Plateau that started to form during the Eocene period, resulting from the
convergence of the Nazca and the South American plates (Oncken et al., 2006, and
references therein). The area contains several morphologically distinct volcanic centers
(De Silva & Francis, 1991). Only one of these, the Lastarria volcano (~ 5700m asl),
shows strong and persistent fumarolic activity localized on the recent crater borders and
on the western flank (Figure 1f). No historic eruptions have been reported (Naranjo &

Francis, 1987).

Through InSAR (interferometric synthetic aperture radar) studies, a large-scale elliptical
deformation signal was detected during the period from 1998 to 2000 with a

deformation rate of about 1cm/yr (Pritchard & Simons, 2002). At that time, the inflation
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dimension reached about 35 km across the long axis (Pritchard & Simons, 2004),
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Figure 1: Deformation at the Lazufre volcanic area in the Central Andes. a) Location of
Lazufre. Shaded relief maps with InSAR observation for b) the period from June 1995 to
December 2006 (ERS) and c) the period from April 2003 to January 2008 (ENVISAT).
d) Details of Lastarria volcano. e) NNW - SSE profiles across the deformation areas for
the ERS dataset from 1995 to 2006 (black) and for the ENVISAT dataset (grey) from
2003 to 2008. Sampling width of the cross section is 1km. f) Photograph of the Lastarria

volcano taken the 27th of April 2007 (9 a.m.) from the northwest (10 km distant from the
summit).

and then increased up to 50 km (Froger et al., 2007, Ruch et al., 2008). Source depth
estimates are between 9 and 17 km, probably related to magma intrusion (Pritchard &
Simons, 2004). In addition, a second inflation signal, occurring at a smaller scale and

affecting the Lastarria volcano was revealed. A very shallow pressurized source located
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at ~1 km beneath the surface was used to explain the Lastarria deformation for the
period from 2003 to 2005 (Froger et al., 2007). Nevertheless, the timing of these
inflating volcanic systems as well as their relationship have not yet been evaluated.

Here we investigate the temporal relationship between the two revealed deformation
signals by carrying out an advanced analysis on InSAR data spanning from 1995 to
2008. In addition, through numerical modeling, we suggest that the stress changes
caused by the inflation of the deep source probably triggered the activity observed at

Lastarria by increasing the tensile stress in the surroundings of the shallow source.

3.2 Deformation measurements

Two SAR datasets acquired by the European Satellite missions ERS-1/2 and ENVISAT,
operating in descending orbits were used in this study (track 282, frame 4118). The ERS
dataset includes 21 images spanning the period from June 1995 to December 2006,
while the 24 ENVISAT acquisitions span from March 2003 to January 2008. Both
datasets are relevant to the same illumination geometry (~23° look angle). The phase
difference (interferogram) between temporally separated SAR image pairs has been
exploited via InSAR techniques (Massonet & Feigl, 1998) to get an estimate of the
ground deformation projection in the radar sensor’s line-of-sight (LOS). We computed a
total of 153 interferograms characterized by spatial baseline values smaller than 500 m.
To retrieve the mean deformation velocity maps of the area and the corresponding
displacement time series, we applied the SBAS algorithm (Berardino et al., 2002), which
also allows the filtering of possible atmospheric artifacts (see 3.7 Auxiliary materials).
Because spatially the ERS and the ENVISAT acquisitions only partially overlap (Figure
1b-c), the SBAS analysis has been performed separately on the two datasets.

Accordingly, we obtain two mean deformation velocity maps and 13-year displacement
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time series within the overlapping region with a standard deviations of about 0.1 -
0.2 cm/yr and 0.5 - 1 cm, respectively (Casu et al., 2006).

The retrieved deformation encompasses an area larger than 1800 km” and shows also a
local deformation at the Lastarria volcano affecting an area of around 50 km?” (Figure
1d). A NNW - SSE profile crossing the deforming area allows us to compare the
deformation rate of the two datasets (Figure 1e). We found that the mean deformation
rate increased from the 1995 to 2006 (ERS) period to the 2003 to 2008 (ENVISAT)
period, with a rate change from 1.8 to 3.2 cm/yr (Figure le). The profile also shows a
short-wavelength signal with lower amplitude located at Lastarria (LAS). The observed
displacement rate at LAS reaches up to 2 cm/yr from 2003 to 2008, with a part of this

signal being related to the large-scale deformation field.

3.3 Source modeling

To quantify the sources responsible for the two-scale deformations, we invert the
observed signal by applying a heuristic optimization method (Simulated Annealing),
which follows the approach detailed by Kirkpatrick (1983). To isolate the displacement
signal we first applied the linear Pearson correlation coefficient (Stanton, 2001) and
searched for pixels that fell within 95% of a similar trend to the maximum displacement
observation point (CEN) in Figure 1. Pixels that are not affected by the deformation are
thus excluded. Second, we sub-sampled the cross-correlated dataset using a regularly
spaced grid (1 km) that reduces significantly the computational time without affecting
the parameter estimation performance. To evaluate a confidence interval for the
estimated parameters, we iterated the inversion procedure 100 times and retained the
models that fall within + 5% of the minimum cost (L* norm), assuming as best models

the mean of parameters within this range. Because the main deformation scale is very
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large and its source likely to be laterally extended (Ruch et al., 2008), we assumed an
expanded dislocation plane acting as a sill source model (Okada, 1985), and then
estimated its parameters. Although additional geophysical and geological data are
missing to elaborate more realistic models, the models were performed in an elastic half-
space medium with a Poisson’s ratio v=0.25 and a Young’s Modulus of E=50 GPa. The

results suggest that the source depth for both datasets is located at 12-14 km below the

Table 1: Source parameter results using a rectangular dislocation plane (Okada, 1985).
Inversion was performed for the long wavelength signal of the Lazufre area for both
ERS and ENVISAT datasets.

LAZUFRE ERS 1996-2000 ENVISAT 2003-2008
Length (km) 18.7+0.2 21.3+0.7

Width (km) 8.5+0.9 6.7+2.8

Depth (km) 11.8+0.2 13.3+0.3

Opening (cm) 5.1+£0.7 419+1.0

AV source (km?) 0.008+0.0016 0.059 +0.001

surface and almost constant for the entire 13-year time series (see Table I). Residuals
are generally less than 0.2 cm/yr with the exception of a near radial-symmetric
deformation signal with uplift rates larger than 1 cm/yr centered on the Lastarria volcano
(Figure 2a3-4) affecting an area of about 50 km?.

We further investigated this residual deformation by applying a spherical source model
approximation (McTigue, 1987). Because Lastarria is relatively steep-sided we also
considered the topography (Williams & Wadge, 1998). The residuals are again generally
less than 0.2 cm/yr, with the exception of the area where the three main fumarolic fields
are located, which still shows a residual signal up to 0.5 cm/yr (Figure 2a6). We left the
source position open, but constrained our model parameters to obtain pressure change
values below a reasonable threshold of 10 MPa/yr, which is considered as a limit after

which rock may begin to fracture (Manga & Brodsky, 2006). Our best fitting models
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suggest a shallow spherical source, located between 0.6 and 0.9 kilometers below the
Lastarria summit, in agreement with Froger et al. (2007). Although the deformation at
Lastarria is a short-wavelength signal, we obtained similar shallow locations using other
type of source model (Mogi, 1957). Therefore, because of the height of Lastarria
volcano (1 km relative), the source appears to be located within the edifice. The source
radius is ~0.3 km (between 230 and 360 meters) and subjected to a volume change of
~13000 m’/yr (between 8000 and 18000 m’/yr). The pressure change induced by the
source is between 0.4 and 4 MPa/yr, cumulating in a range of 2 to 20 MPa over a five-
year observation period (2003-2008). These values are compatible with the lithostatic

stress values expected at such shallow depth.

3.4 Deformation starts and stress transfer modeling

We analyzed the time evolution of the local deformation observed at Lastarria volcano
after the removal of the long wavelength signal caused by the deeper source (Figure 2b,
LAS and LAS’, respectively). Results suggest a temporal delay compared with the start
of the broader inflation observed at Lazufre (CEN). Indeed, by assuming 1 cm accuracy
to be a detection threshold, first evident deformation signal at CEN began in 1997
(marked by “A” in Figure 2b), while deformation at LAS’ (marked by “B” in Figure 2b)

was apparently not observed before the year 2000.

Numerical modeling may help to understand whether the stress field changes caused by
the inflation of the deep source in the surrounding of Lastarria volcano can explain such

delay. In our stress model calculations we quantified the change of
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Figure 2: a) Inversion results of the Lazufre deformation data for the period from 2003
to 2008 (Table I). 1) Observation data, 2) synthetic models, and 3) residuals. Inversion
of the Lastarria signal using a finite spherical source showing 4) the observation data,
5) the synthetic model, and 6) residuals that highlight the three main fumarolic areas
(black circles). Dashed lines indicate flank movements (FM), which act on the western
flank of the Lastarria volcano. b) The time series plot for the ERS (black triangle) and
ENVISAT (grey stars) datasets for two observations points that correspond to both
maximum displacements at Lazufre (CEN) and Lastarria (LAS). LAS’ is plotted after
removing the long wavelength signal to better assess the initiation of the deformation.
Results show a two-year shift between both signals initiations at CEN (marked as A) and
LAS’ (marked as B).

48



the maximum tensile stress (63), which is a common indicator for estimating occurrence
and location of crack initiation (Anderson, 1951). Using a boundary element method
(Thomas, 1993), we simulated the opening of the deep source by a dislocation plane for
the period from 1996 to 2000 (Table 1). Because the influence of an active magmatic or
hydrothermal reservoir can be approximated by a material property that is softer than the
surrounding host rocks, we defined the shallow source as a void in an elastic medium
(Savin, 1961). Therefore, we included a spherical source at shallow depth beneath the
Lastarria summit and defined a free slip boundary condition that is able to open or close,
simulating passive source inflation or deflation, respectively. Deformation of this

inclusion perturbs the local stress field in the surrounding region. We found that close to

Depth (km)

0.02 10 15 20
Distance B-B' (km)

Figure 3: Stress transfer model at Lazufre for the period from 1997 to 2000. Maximum
tensile stress a3 is caused in the area of interest by the deep source inflation a) at the
surface. The black rectangle represents the best fit dislocation plane projected to the
surface, b - ¢) Cross-section through B - B’ that shows a slight increase of the tensile
stress around the simulated source of Lastarria volcano.

the shallow source, the maximum tensile stress was more than twice as large if
compared to a model without such an inclusion (Figure 3). For validation, we tested the
stress field change using Finite Element Method with the same initial parameters and

obtain similar results. The models implied that the inflating deep source caused the
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maximum tensile stress at the shallow source to increase by 0.04 MPa between 1996 and
2000, before it displayed deformation above detection threshold. Until 2008, the induced
stress change cumulated at around 0.2 MPa. Although these stress changes appear to be
small, comparable values are thought to have triggered even volcanic eruptions

elsewhere (Manga & Brodsky, 2006).

3.5 Discussion and conclusions

In the present paper, we used two InSAR datasets spanning the time interval 1995- 2008
to analyze multi-scale deformation patterns in the Lazufre volcanic area and test the
relationship of neighboring volcanic systems. We analyzed the deformation signals
through elastic half-space models, retrieving the location and volume change of the
large-scale and small-scale sources. Using stress models, we tested the hypothesis that
inflation of the deeper and larger source increased the tensile stress around the shallow
source and may have even triggered the local activity at Lastarria.

Earthquake occurrences and volcano inflations have been proposed as triggering sources
that modify the surrounding stress field and possibly reactivate dormant volcanoes. This
was suggested to explain seismicity and fumarole activity at Long Valley (Hill et al.,
2002) or even eruptions as Karymsky and Akademia Nauk volcanoes in 1996 (Walter,
2007). The amount of stress involved varies by several orders of magnitudes. Acidic
dikes propagate at magmatic overpressures of up to 10 MPa, basaltic dikes at up to 1
MPa (Jellinek & DePaolo, 2003; McLeod & Tait, 1999), and may even initiate due to
very small stress changes as induced by earthquakes of about 0.1 MPa or even below
(Manga & Brodsky, 2006). Thus, small amounts of stress change, as calculated here in
the surrounding of Lastarria volcano, may induce enough perturbation to encourage

unrest. However, a volcanic or hydrothermal source needs to be in a critical stage to be
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reactivated by small amounts of stress changes of about 0.1 MPa or below (Hill et al.,
2002; Manga & Brodsky, 2006). Here, we estimate that 0.04 MPa accumulated prior to
deformation starting at Lastarria and increased up to 0.2 MPa until 2008. This implies
that the Lastarria volcano, which is strongly affected by hydrothermal and fumarolic
activity, may have been in a critical stage susceptible to very small perturbations of the
surrounding stress field, while other volcanoes located in areas where the induced stress
changes are higher do not show any surface deformation.

Stress changes at a magmatic or hydrothermal reservoir may lead to a cascade of
associated effects that are not yet fully understood. An extrinsic increase of the tensile
stress around a void (magmatic or hydrothermal reservoir) might lower the pressure into
it (Savin, 1961), generating a gradient that may in turn allow fluids or volatiles to
migrate. The fluids might be trapped by the presence of a low-permeability cap that is
known to partially seal active hydrothermal reservoirs at volcanoes (Aizawa et al.,
2009). Comparable phenomenon was suggested to occur at other volcanic areas
containing sealed hydrothermal system (Hurwitz et al., 2007). Stress changes at the
reservoir walls may cause linkage of pre-existing fractures, thus leading to changes in
rock permeability and encouraging fluid propagation (Wang, 2000). Therefore, the
observed deformation at Lastarria may be the consequence of fluid-mechanical and rock
mechanical processes.

The InSAR time series and stress models allow us to propose a possible relationship
between two volcanic reservoirs. However, the models are simplified, assume a linear
elastic material, and do not consider time dependent rheologies that may explain the
delay between the two deformations (Wang, 2000). Material heterogeneities may affect
part of the deformation signal, for instance, locally under the Lastarria volcano. Soft
materials may amplify the surface deformation (Manconi et al., 2007). At Lastarria, soft

material is present in the hydrothermally active regions (see Figure le), including the
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intrusive core and the fumarolic field. The effect of material heterogeneity is also locally
shown by the deformation residuals at the western flank of Lastarria volcano, where the
retrieved LOS displacements are negative (see Figure 2a6). Our field inspection (Figure
le) suggests that this locality matches the steep slopes > 20° of the volcano and consists
of unconsolidated material, implying the signal is due to localized slow-flank
movements or creeping phenomena. Unless studied in further detail, however, these
contributors do not allow us to construct more realistic models, which would require
additional geophysical information.

Therefore, our models suggest possible explanation of the processes occurring in the
Lazufre volcanic area, as evidenced by the INSAR data analysis. Thus, we suggest that
upward directed stress transfer occurs at Lastarria volcano, where changes of the shallow

system may reflect an activity change at the deep source.
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3.7 Auxilliary Material

The Auxiliary material contains two Figures regarding the atmospheric filtering applied
on the Lazufre InNSAR dataset, and 1 Figure that compares the topographic features and
the deformation signals. Figure 3.7.1 contains an InSAR time series plot (ENVISAT

dataset) with and without atmospheric filtering for two pixels located at both maximum
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displacement at Lazufre and Lastarria. Figure 3.7.2 shows the Lazufre deformation map
for the period 2003-2008 (total displacement) and the atmospheric residual. Figure 3.7.3

contains profiles across InSAR dataset and high topography features in the Lazufre area.
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Figure 3.7.1: Two single observation points from InSAR time series corresponding to
both maximum displacements at Lazufre (CEN) and Lastarria (LAS). Both are plotted
with and without atmospheric filtering. Results show similarities between both analysis,
with signal amplitude variations lying in the SBAS technique error.
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Figure 3.7.2: Deformation map of the Lazufre deformation for the period from 2003 to
2008 with and without atmospheric filtering. Note that residuals fall in the error bar of
the SBAS technique.
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Figure 3.7.3: Profiles across the deformation dataset area plotted together with
topography profiles at the same location (topo). If some artefacts due to topography or
atmospheric effect were remaining, similar topographic features (volcanoes of same
elevation) should show topography and signal correlations (artefacts). Results
demonstrate that no systematic correlations of deformation signal with high topographic
features are observed, thus the deformations observed are genuine.
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Chapter 4

Relationship between current uplift
geometry (InSAR) and the structural
framework at Lazufre volcanic

area, central Andes
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Abstract

The stress regime and structural fabric in active tectonic areas controls the orientation of
magmatic reservoirs and dikes. Hence volcanic structures provide potentially good
indicators to assess the regional geodynamic processes through time. Here we analyse
the spatiotemporal evolution of the Lazufre volcanic area in the central Andes, where a
recent large-scale elliptical surface deformation was recently detected. Based on satellite
radar interferometry (InSAR) the deformation signal is explained by a magmatic
intrusion located approximately at 10 km depth. Herein we compare this elongated

deformation with several volcanic structures around. We find that a higher concentration
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of volcanic vents is located within the deforming area if compared to its surroundings.
Furthermore, the mean orientation of volcanic structures is aligned in NNW-SSE
direction (N129°), almost perpendicular to the mean elongation of the deformation
ellipticity (N28°). Applying the borehole breakout concept we propose a unifying model
that explains both short-term (InSAR) and long-term (volcano lineaments) magmatic
activity by a similar stress field acting at depth of the intrusion and near surface alike.
Important implications arise such as a temporal stability of the principal stress

directions.

4.1 Introduction

Stress field acting at tectonically active margin is considered as a key component in the
understanding of geodynamical processes through time. Eruptive fissures and vent
orientations provide information about the stress field orientation at the time of the
eruption, with dike intrusions striking parallel to the major horizontal compressive stress
SH (Anderson, 1951; Nakamura, 1977a). Dikes, eruptive fissures and volcano
lineaments consisting of faults, topography contrasts in volcanic areas are commonly
used as stress indicators in different geodynamic contexts, as in the East African rift and
in Iceland under extensive regimes (Acocella, 2002; Gudmundsson et al., 2006) and in
subduction-related compressive and transtensional regime (Tibaldi, 2009).

In addition, volcanic areas are affected by large-scale surface deformations that have
been recently detected by radar satellite technique (InSAR) and show deformations
affecting areas larger than 1000km’, considered as the surface expression of magmatic
or hydrothermal reservoir acting at depth (Fialko and Simons, 2001; Pritchard and
Simons 2002; Lundgren et al., 2006; Froger et al., 2007; Ruch et al., 2008; Annen, 2009;

Anderssohn et al., 2009). Such reservoirs are generally described as weak intrusions that
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have different mechanical properties compared with the surrounding rocks

(Gudmundson et al., 2007). It is often proposed that their shapes are closely related to
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Figure 1. A) Simplified morphostructural map of the Central Andes (after Riller 2006),
B) detail of the southernmost Puna plateau area that hosts the Lazufre deformation and
large caldera structures such as Cerro Galan, Wheelwright and Cero Blanco. C) InSAR
observation details, with first sign of ground displacement detected in 1997, overlaid on
a 90m DEM. Note the elliptic shape of the deformation that strikes in NNE-SSW
direction.

the regional stress acting on their walls, with preferential reservoir elongations
perpendicular to the principal horizontal stress SH (Bosworth et al., 2003). Alternatively,

such intrusions may use pre-existing tectonic structures that facilitate reservoir

expansion through time (Acocella et al., 2002).
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Here we test the agreement and relationships of volcanic structures as dike and eruptive
fissure emplacements with a recent elliptic deformation detected by InSAR in the

Lazufre volcanic area (central Andes).

4.1.1 Volcano-tectonic context

The Lazufre volcanic area (Pritchard and Simons, 2002) is located in the central Andes
about 300 km far from the trench where the Nazca plate subducts beneath the South
American plate. The compressive regime acting at this convergent plate boundary gave
rise to the actual high elevated Altiplano Puna plateau (Oncken et al., 2006 and
references therein). Lazufre is part of the southernmost Puna plateau (Figure 1A) with
heights over 4000 meters and is located at an intersection between the actual volcanic
arc and the northwest regional trending Archibarca structural corridor. Archibarca
appears to control the localization of magmatism and hydrothermal ore deposits
products and the related lineaments are interpreted as deep-seated basement structures
(Richards and Villeneuve, 2002).

Major caldera volcanism has occurred in the region during the Late Miocene-Pliocene
(de Silva and Francis, 1991). To the southeast is located the Cerro Galan caldera, the
youngest in age in the central Andes (2Ma), which is structurally elongated in NNE-
SSW direction (Holohan et al., 2005). In the south is located the Wheelwright caldera
complex composed of three nested depression structures, forming a nested structure
oriented in NE-SW direction, and the Cerro Blanco caldera system, that follows a
similar structural orientation (Figure 1B).

In this area, Lazufre is currently the only volcanic system that shows signs of unrest with
the exception of Cerro Blanco (Pritchard and Simons, 2002). Although Lazufre is not a
caldera, it is comparable in size with caldera systems. At Lazufre are observed two time

span volcanic activities; a 10" years recent and large-scale surface deformation that
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affects Pleistocene (10° years) volcanic products. Lazufre comprises three high elevated
stratovolcanoes located above 5000m and numerous volcanic vents (Figure 1C). The
Lastarria volcanic complex (5700m asl), which is made of various morphostructural
components (Naranjo, 1992), included the southern spur with older volcanic products
with respect to the nested summit craters located northward. Although no historical
eruption has been reported there (de Silva and Francis, 1991; Naranjo, 1992), strong and
persistent fumarolic activity occurs at the summit region (Naranjo, 1985). Other known
volcanic centres of the Lazufre area are the Cordon del Azufre and the Cerro Bayo
volcanoes, both Quaternary in age that form a series of craters and associated lava flows
located in the central and southern region (De Silva and Francis, 1991). Lazufre is
covered by Pleistocene or younger volcanic material, overlaying generally Tertiary
volcanics (Naranjo and Cornejo, 1992; Trumbull et al., 1999).

First sign of ground displacement (uplift) was detected at Lazufre using radar
interferometry (InSAR) in 1997 by Pritchard and Simons (2002). Consecutive studies
show a deformation rate up to 3 cm/yr (Froger et al., 2007; Ruch et al., 2008,
Anderssohn et al., 2009), affecting an area larger than 1800 km® in 2008 (Ruch et al.,
2009). Source depth estimations are between 9 and 17 km depth (Pritchard and Simons,
2002). Almost three years after the Lazufre uplift initiated, a second, smaller
deformation of 50km” was detected on its northern margin on the main Lastarria craters

with deformation rate up to 1.5 cm/yr (Froger et al., 2007; Ruch et al., 2009).

4.2 Recent deformation and structural framework

analysis
To test a possible relationship between the current inflation geometry and the structural
framework, we analyse the geological and structural context of the Lazufre volcanic

area, evaluating the respective structural and geometrical orientations. We used on one
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hand InSAR observations acquired by the ENVISAT satellite for the period from 2003
to 2008. On the other hand we mapped out Pleistocene volcanic structures using both
90m and 30m resolution Digital Elevation Model (DEM) from the German Aerospace
Center, multispectral Landsat images with a 15m spatial resolution, as well as a set of 21
geo-referenced aerial photographs that partially cover the area of interest (flight 18
1020-1010; flight 32, 2744-2753 of the Military Geographic Institute, Chile). We thus
combined and analysed the current deformation and the Quaternary structures under a

GIS platform (ESRI, 2008).

4.2.1 Deformation geometry detected by InSAR

InSAR techniques compute the phase difference (interferogram) between temporally
separated SAR image pairs to obtain an estimate of the ground deformation projection in
the radar sensor’s line-of-sight (Massonet and Feigl, 1998). We use in this study an
InSAR time series dataset acquired by the ENVISAT satellite made of 21 subsets
spanning from March 2003 to January 2008 (see details in Ruch et al., 2009). We
completed a cross correlation analysis of the deformation for the entire period, to
identify pixels moving synchronously with respect to the maximum uplifting area. For
our analysis, we have computed the linear Pearson correlation coefficient (Stanton,
2001) over the whole dataset. We retain data with a correlation value >0.95, thus, signals
which are not directly correlated to the deformation are not considered. As a result we
observe a constant elliptic deformation pattern for a period spanning almost 5 years (see
Figure 1C).

We fit the cross correlated observation mean velocity pixels with an ellipse using a
linear least square approach (Gander et al., 1994), then assumed its mean major axis as
representative of the mean deformation orientation, striking at N028. For consistency,

we analyze in details the deformation geometry evolution of each of the 21 subset from
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2003 to 2008 and found similar orientation results striking at N028+2. Source
characterizations obtained by inverting the Lazufre signal using a dislocation plane
(Okada, 1985) that acts as a sill opening at depth strikes in N030£2 direction (Ruch et
al., 2009). To compare the orientation of the deformation with the volcanic structures
orientations, we thus analyze the volcano lineaments located inside and around the

deforming area.

4.2.2 Volcanic structures analysis

To analyze precise location and orientation of volcanic features and related dikes, we
used a methodology based on established morphometric parameters as volcanic vent
elongations, eruptive fissure orientations and fault across volcanic vents (Nakamura,
1977a; Tibaldi, 1995).

We considered and mapped lineaments when it shows 1) a density higher than 1.5
vents/10km?, 2) a clear topography-related ridge resulting from vent emplacements, 3)
the presence of elongated craters. For consistency, we considered only the dated
volcanic edifices or those that are build on dated volcanic series younger than
Pleistocene (Naranjo and Cornejo, 1992; Trumbull et al., 1999). Our results show that
the Lazufre area contains more than 100 vents, with a spatial density higher inside the
deforming area compared to the surroundings. We obtained values up to 5.6 vents/10km?
coinciding with the central area of the deformation detected by INSAR, forming a semi-
crowned shape morphology (Figure 2A), with vent types mainly represented by
monogenetic edifices. We thus mapped out volcano lineaments and eruptive fissures in
areas where feeding dikes orientation may be estimated. Details of selected lineaments

are illustrated in Figure 2B-D. The Lastarria volcano shows five distinct nested craters
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Figure 2. A) Volcanic vent density map at Lazufre. Black boxes indicate the volcanic
structures detailed in the four subsets. Note the highest vent density inside the
deformation perimeter that formed a semi-annular shape morphology. Structural maps
overlaid on orthophotos for B) the five Lastarria nested craters with a NNW trend
orientation. Topographic lines are marking each 50m, in light grey C) the Negriales
lava field with cracks oriented at N128 direction, D) a 8 km wide, 10 km long eruptive
fissure composed of several cracks that emitted thick dacitic lava flows, with mean
orientations striking N120, E) an eruptive fissure of 10 km long and 0.5 km high that
shows a clear NI28 orientation. Rose diagrams illustrate the mean lineament
orientation subdivided by sectors of 10°.

extending in a 2km long NNW-SSE segment in the major axis with a mean strike of
N128+5 (Figure 2B). At the south western part of Lastarria is located the Negriales

eruptive fissure that was emitted earlier than Lastarria (Naranjo, 1992). The fractures

show an orientation striking N142+5 (Figure 2C). Note that this lava field follows a
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similar orientation than an older longitudinal depression zone that may imply a reuse of
pre-existing structures. Another example of a close-up view is shown in Figure 2D by
fissure zone covering an area of about 25 km?, with fracture lengths ranging from few
meters up to 0.5 km oriented at N123+4°. The cracks were associated with emissions of
thick dacitic lava flows (de Silva and Francis, 1991). The lava field covers an almost flat
area, without strong signs of ground topography variations. Finally, we observed in the
south eastern part a clear 10km-long high topography ridge with two NW-SE elongated
craters, and 2 vents breaching that strike toward the NE, almost perpendicular to the
topographic axis (Figure 2E). In this case, a combination of vent elongation, vent
breaching located on a clear topographic ridge allowed us to estimate the lineament
orientation striking in N113+2 direction. By averaging the volcano lineament and
eruptive fissure orientations we obtained a mean orientation striking in N129+7

direction.

4.2.3 Volcano lineament and volcano deformation as stress field indicators

Associating the ellipticity of the Lazufre deformation evidenced by InSAR and the
volcano lineament observations, we found that they strike almost perpendicularly at
N28+2 and N12947, respectively (Figure 3C). Following Bosworth et al. (2003), we
present in the following a simple conceptual model that may explain both orthogonally-
oriented structures by a unique stress field orientation.

Large magmatic reservoirs, considered as soft intrusions in the upper crust, for

simplicity may be considered as cavities surrounded by crustal rocks (Savin, 1960). By
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mechanical analogy to the formation of breakouts in boreholes and tunnels, such

Borehole breakout concept

¢

Pfincrease :
breakouti Induced hydrofractures
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Orientation for InSAR deformation @ Stress model orientation at Lazufre
(black) and lineament (red)

p %
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Figure3. Borehole breakouts concept applied to the Lazufre volcanic area. A) Borehole
subjects to an external stress field, with walls breaking perpendicularly to the maximum
horizontal principal stress (SH; after Bosworth et al., 2003), B) Same as A) with
additional internal fluid pressure (Pf) increase, inducing hydrofractures that propagate
parallel to SH, following the Anderson’s theory (Anderson, 1953). C) Rose diagram that
combine both InSAR observations (black) and volcano lineaments (red) show
orthogonal orientations. D) Borehole breakout model applied to Lazufre. The reservoir
will propagate and be elongated along the minimum horizontal compressive stress (Sh);
dikes may propagate perpendicularly to the ellipticity due to pressure increase inside
the reservoir that may trigger in turn volcano lineaments observable at the surface.

reservoirs may become elliptic perpendicular to the maximum compressive horizontal

stress SH (Figure 3A) by stress-induced breaking of their chamber walls (Bosworth et

al., 2003). Thus, if the pressure inside the reservoir overcomes the strength of the
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surrounding material, hydrofractures (dikes) may propagate parallel to SH (Figure 3B)
(Kirsch, 1898). Figure 3D shows a simplified compilation of our results that explains
both orientations by a unique stress field being constant in depth and time. This has
important implications for the geodynamic evolution understanding of the central Andes

and similar mountain building processes elsewhere.

4.3 Discussion

In this study we analyze a large-scale volcanic deformation evidenced by InSAR and
compare it with the geologic and tectonic surroundings. By comparing both volcanic
activities we show 1) that the deforming area contains a higher vent density compared to
its surroundings, and 2) that the deformation area is elliptical and strikes almost
perpendicularly to Pleistocene and younger volcano lineaments. We further propose a
temporal and spatial relationship between these two independent observations that may
be considered as complementary stress indicators in the volcanic arc from the
Pleistocene to the present day.

Although mainly based on morphostructural evidences, also other recent studies propose
ellipticity as a stress indicator, as observed at Yellowstone caldera with the associated
orthogonal Inio dikes, at Long Valley, or in the east African and Icelandic rifts
(Bosworth et al., 2003; Holohan et al., 2005). Similarly at Novarupta in Alaska
(Wallmann et al., 1990), at the Nirano hydrothermal area in Tuscany (Bonini, 2008), as
well as in the West Antarctic rift system (Paulsen and Wilson, 2007). Here we apply the
concept proposed by Bosworth et al. (2003) to explain large-scale deformation
ellipticity. We study the Lazufre deformation that we suggest to be the surface
expression of a magmatic system evolving at depth. Our results are consistent with other

independent observations that suggest a similar stress field orientation observed in
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adjacent area. Recently, Tibaldi et al. (2009) observed in the Atacama region (250 km
north from Lazufre) that major normal faults and dikes are oriented accordingly to our
results with a SH oriented in NE-SW direction. At a regional scale, some indicators of
the world stress map and recent boreholes analysis on the eastern cordillera show also
comparable SH orientations (http://dc-app3-14.gfz-potsdam.de/).

Alternatively, elliptic calderas are proposed to be the consequence of pre-existing
structure reactivation that may be used as a pathway for magma to ascent at the time of
the reservoir growth (Acocella et al., 2002). Figure 1 shows several regional lineaments
that strike in an orientation similar to the Lazufre ellipticity and may hence imply a
potential relationship between pre-existing structures and volcanism. However, the lack
of structural studies in this area does not allow us to constrain the type and subsurface
faulting geometry and its recent activity.

We assume the Lazufre deformation as representative of the reservoir geometry at depth,
however, analogue model of caldera structures suggest that in certain cases elliptic
structures observed at the surface may also result from a spherical source inflating
located at depth, depending on the differential stress acting at depth and at the surface
alike (Holohan et al., 2005). Although our results suggest a similar stress field
orientation, complementary ongoing geophysical studies as seismic tomography may
ameliorate our understanding about the source geometry.

At Lazufre, different volcano types took place during different time span. Dike and
eruptive fissure emplacements are fast (<10 years), whereas composite volcanoes take
place over longer periods (10° years). In our analysis we give a similar weight for both
types. We believe this will not modify the consistency of our results. Fast emplacement
of volcanic features are considered as clear stress field indicator, taking place in a very
brief period, whereas composite and high elevated volcanoes (> 1000m from the

volcano base) may have locally modified the stress field under their own load.
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Although part of our results bring new and complementary information about the
regional stress field in the volcanic arc, some structural evidences suggest that a local
stress field may exist, in relation with a magmatic reservoir evolving at depth. Pritchard
and Simons (2002) observed a crowned morphology composed of volcanic centres
surrounding a central topography depression that is spatially correlated with the
maximum uplift signal of the deformation. Our vent density analysis shows this in
details illustrated by a semi-circular morphology essentially composed of monogenetic
volcanoes (see Figure 2A). This is in good agreement with dome-like analogue models
induced by an inflating source at depth that show tensional circular shape at the surface
(Roche et al., 2000).

The stress regime in the Altiplano-Puna plateau is studied in detail in areas adjacent to
the volcanic arc, where compressive regime is dominant (Allmendinger, 1997). For
instance, the mean stress field orientation in the Eastern Cordillera (see Figure 1A)
obtained by crustal seismicity and geological observation shows a regional shortening
trend striking NNW-SSE (Coutand et al., 2001 and references therein). However,
numerical models of intraplate stress fields including topography and the compensate
crustal root effects, suggest a transition from compressive to transtensive and extensive
regimes at elevations higher than 3 km above sea level with the maximum tension
direction being oriented normal to the mountain range (Meijer et al., 1997). In this case,
the principal stress o1, which has a horizontal component in compressive regime at low
elevation will gradually be shifted to the vertical in response to the Andean load
compensation. This may induce transtensive and extensive regime in high mountain
range, whereas the maximum horizontal compressive stress SH will remain in a constant
orientation. This may explain that our results suggest a similar SH orientation at 10 km

depth and at the surface alike.
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4.4 Conclusion

In this study we combine independent information issued from a volcanic deformation
observed by InSAR, together with volcanic structures. We find that both observations
may be used as complementary proxies to assess the stress field orientation and the

geodynamical context in areas where no strong structural evidences are observed.
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Salt lake growth detected from space
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Abstract

Although salars are sensitive to environmental changes, analysing and understanding their
hydrologic behaviour through time may contribute to monitoring actual and future climatic
variations. Using a time series dataset acquired by satellite radar interferometry technique
(InSAR) for the period from 2003 to 2008, we investigate the spatiotemporal evolution of
salars in the Altiplano of the central Andes. We find that all salars surveyed are actively
deforming, with displacement rates from 0.25 to 1.3 cm/yr. The deformation signal is
generally linearly increasing in time and is confined to the salar itself, delimitated by stable
surroundings, with rates greater in some areas of some salars. To understand why, we further
compare these observations of variable deformation rates with optical images acquired by the
Landsat satellite, ground photographs and with in situ geochemical measurements of water

brines sampled at the salar surfaces. We find direct correlations between these observations
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and infer that the most rapid regions of salar deformation (rise) indicate active zones of
vertical accretion, driven by capillary halite precipitation. We further propose that salars,
whose dynamics are dependent on the presence of water and resurging saline groundwater,
may be used as potential indicators of water resource evolution in the central Andes. To our
knowledge this the first time the effects of salt precipitation processes on the rates of
elevation change of salar surfaces have been quantified and related to broad scale facies

associations and to economic potential.

5.1 Climatic and sedimentologic framework

During the Mid-Holocene period the Altiplano Puna plateau underwent rapid regional
climatic change, shifting from vegetated areas subject to frequent rainfall to a more
inhospitable desertic environment (Betancourt et al., 2000; Nuiez et al., 2002). In
response to the desertification, lake levels decreased from § to 3ky BP and many former
perennial lakes desiccated into salars. The term salar describes salt-encrusted flats
formed by the evaporation of flat-surface or shallow subsurface groundwater discharge
in hydrographically closed (endoreic) desert depressions (Figure 1b). Across much of its
extent, the Altiplano Puna encompasses substantial portions of the hyperarid Atacama
Desert, one of the driest regions of the world (Figure la, Strecker et al 2007), with an

average elevation of 3750 m.

Within a salar, there are a number of typical sedimentary sub-environments tied to
inherent hydrological characteristics and responses to the evaporation of shallow near-
surface and surface waters. At the broadest scale, the salar sediment system consists of

two parts: a halite nucleus and a marginal zone (Figure 1c-d) with respective proportions
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varying from one salar to another. Compared to the marginal zone, the halite nucleus
surface is typically a zone of somewhat higher elevation in the salar plain. The salty
surface of the halite nucleus facies association is typically irregular and jagged, and is
composed of mm-scale sugary inclusion-poor halite crystals and eolian silts (Figure 1c).
Nucleus halite forms in a halite-saturated hydrology, dominated by evaporation,
capillary wicking and occasional episodes of rainfall-driven meteoric dissolution (Bobst

et al., 2001). The halite nucleus facies association defines a brine sump in a salar and so

Figure 1: Salar locations. a) Topographic base map of the central Andes overlain by
annual rainfall (modified from Strecker et al,, 2007). Rectangle indicates the position
of study area. b) Digital elevation model of the South Puna Plateau. Surface geology of
Salar de Amarga that shows c) irregular surface of the halite nucleus facies and d)
flat surface of marginal facies in south.

indicates a relatively stable hypersaline hydrologic setting that, in combination with a

long-term brine feed, allows evaporitic sediment to accumulate and be preserved.
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The surfaces of the adjacent marginal facies are varying combinations of silty mudflats,
saline pan crusts, brine ponds and salty efflorescences (Figure 1d). Sheet flood and
alluvial processes supply much of the terrigenous mud and silt sediment found in the
fringe zone. The marginal facies association has a somewhat lower surface elevation
when adjacent to the capillary crust region of the halite nucleus, with height differences
ranging from tens of centimetres to more than a metre. Spring-fed lakes and brine pools
(lagunas) are typically interspersed within the marginal facies association in most
Andean salars. Marginal facies sediments are more liable to be covered by occasional
floodwater, which drive the partial to complete formation of re-solution crusts, and so do
not offer such a stable hydrological setting as the halite nucleus sump. Surface
evaporation rates are higher in the marginal facies associations compared to the halite
nucleus even though the phreatic surface is typically shallow a few cm to tens of cm

below the ground surface in both (Tejeda et al., 2003; Houston et al., 2006).

5.2 Deformation measurements

To analyse surface deformation in the zone of interest, we use an InSAR dataset acquired
by the Envisat satellite composed of 21 images in descending orbit (track 282, frame
4118) spanning from March 2003 to January 2008 (Figure 1 on DEM). By processing the
phase difference (interferogram) between SAR image pairs separated in time, we obtain
temporal and spatial surface displacement projected along the satellite line-of sight
(LOS). We applied the SBAS algorithm (Berardino et al., 2002) to obtain mean
deformation velocity maps and time series with average standard deviation of 0.1 - 0.2
cm/yr and 0.5 - 1 cm (Casu et al., 2006), respectively.

Regionally, we observed a total of 12 deforming salars of different sizes, all showing

clear displacement gradients, typically beginning in the uppermost salar shorezone,
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landward of which the ground displacement is negligible (Figure 2). Locally, we
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Figure 2. Deformation maps acquired by InSAR during the period from 2003 to 2008 on
a DEM at a) salar de la Isla with b) and c) are profiles across the velocity map. d) Salar
de Agua Amarga and e) velocity profile across the InSAR dataset. f) Salar de Pajonales
with g) velocity profiles across the InSAR dataset. All profile transects are black lines on
the deformation map and the grey bars notice the shore of the salars on the velocity
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profile plots; mf: marginal facies. h) Time series plot at salar de Isla, with orange
rectangle and grey arrows point out possible seasonal acceleration phases well visible at
ISLAI i) time series at salar de Pajonales and salar de Amarga.

conducted more detailed analyses on three salars (Salar de la Isla, Salar de Agua Amarga
and Salar de Pajonales) that illustrate diverse relative proportions of surface facies,
deformation types and rates.

The northern portion of Salar de la Isla has a maximum vertical displacement rate twice
that of the other salars during the period of observation. Within the Salar de la Isla, two
different rates are clearly observed at the salar surface (Figure 2a) and along the velocity
profiles (Figure 2, profiles X-X’ and X1-X1’) with velocities from 0.5 up to 1.2 cm/yr.
These profiles show clear acceleration transitions from the shore into the salar, with the
strongest gradient observed across the halite nucleus facies association on the profile X1-
X1’ at km 14.5, transiting from 0 on the volcanic surrounds to around 1.25 cm/yr atop the
halite nucleus, across a lateral distance of few hundred meters.

In Salar de Agua Amarga, a transition from shore into the salar is also evident, and we
observe 2 groupings of deformation rates, from <0.5 cm/yr atop the halite nucleus near
the geographic salar centre, up to lem/yr at km 4 on the profile YY’. This latter position
on the transect intersects part of a broader circumferential perimeter to the nucleus
showing higher deformation velocities (Figure 3b). It corresponds to the sedimentary
boundary between the marginal flat facies and the halite nucleus facies associations in the
salar that suggests an active hydrologic recycling of solutes along the eastern side of the
salar. Overall the halite nucleus surface is not rising as fast in this salar as in Salar de la
Isla.

Portions of all three salars surveyed in this area show some evidence of surface uplift or
aggradation (Figure 2a-g); the central and southern parts of Salar de Pajonales are

different. There, the deformation signal is locally negative, and forms an annular-shaped
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geometry (Figure 2f). The velocity profile ZZ’ shows from the north to the south, a
transition from 0.5 cm/yr to -0.5 cm/yr. This salar lacks a halite nucleus and has a surface
characterised by dissolution lagoons and ponds, interspersed with saline pan crusts. This
association of degradation of the salar surface, and the presence of a marginal facies
equivalents with abundant evidence of dissolution (Figure 2g) suggest saline sediment in
this endoreic salar depression is being lost at a relatively high rate by passage of solutes
into the regional groundwater system. Interestingly, this salar has the least hydrographic
closure and is the only salar of the three studied that is juxtaposed to a huge bajada
complex on western side of the salar (Figure 1b).

To better appreciate the temporal evolution of the salar surface, we compiled
displacement time series on selected areas from 2003 to 2008. ISL1 (atop halite nucleus)
and ISL2 (atop saline pan) are both located at the northern end of salar de la Isla (Figure
2a-c). They show different cumulative displacements sampled on two well-delimited
facies zones, with mean values of 2 cm and 6.5 cm, respectively, implying aggradation of
both the halite pan and the halite nucleus facies in this salar, with aggradation rates
greater atop the halite nucleus facies association. We observe an annual acceleration
approximately between September and March each year, especially well expressed at
salar that have high deformation rate (ISLA1, Figure 2h) that could be the evidence of a
seasonal effect. PAJ1 is located in the northern part of the salar de Pajonales (Figure 2f)
and show a similar linear displacement with respect to ISL2, with a cumulative
displacement of 2 cm in almost 5 years. However, PAJ2, atop a zone characterised by
sedimentary features indicative of local dissolution (saline pan separated by numerous
pools and ponds), shows a clear signal subject to a rapid negative displacement along the
satellite LOS direction during the first trimester of 2004, for a duration of almost one

year. Note that after 2006, the signal follows again a similar deformation trend
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comparable with other areas (PAJ1), and also AMA, located on the salar de Amarga, 50

km distant, south east from Pajonales (Figure 2d, f).

5.3 Deformation signal versus ground composition

To identify the general good agreement between InSAR observation and local geology we
further compare profiles sampled across both the InSAR dataset and optical images
acquired by the Landsat satellite in 2000 (Figure 3a-b). We employ the Landsat band 7
(mid-IR), which is sensitive to soil moisture and thus, provides contrasted information
about the intensity, often critical in salt-rich areas. We first found that the areas with
weaker deformation signal (see ISLA2, Figure 2a) correspond to higher intensity values
with the optical sensor and geologically to the marginal facies. Second, the areas with

stronger deformation signals (see ISLA1, Figure 2a) have lower intensity values, that
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Figure 3. Profiles between InSAR deformation and Landsat intensity images. a) Band 7
in mid-IR taken in 2000, b) InSAR dataset (2003-2008). Profile across the c) Landsat
image and d) the InSAR dataset. Note the good agreement between both signals. Lake
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level time series using Landsat images (band 321), as on 23/03/1973, 25/01/19835,
27/10/1989, 03/11/2000 and 21/12/2006 focused on perennial lakes, at e) Laguna de
Lazufrera, f) salar de Aguas Calientes, g), h) at two locations at salar de Isla. The red
perimeters is the lake contours as in 2000, note the continuous increase of the lake
perimeters since 1973.

corresponds to the halite nucleus where salt typically precipitate by capillarity from
shallow groundwater bodies. Profiles across both InSAR velocity map and Landsat
intensity images show that signals are in good agreement (Figure 3c-d), where the
maximum uplift matches with halite-rich soils, prone to faster salt accretion. To confirm
likely hydrological drivers to the varying rates of deformation within and between salars
phenomena we also compared our sedimentological/deformation results with published
chemical analysis of surface waters, from both water income and laguna locations, that
were systematically sampled across the Andes in 1991 (Risacher and Fritz, 1991;
Risacher et al., 2009). Although there are no pore water samples in the nucleus facies in
the salars under study, hydrogeochemistry samples from the salar edges confirms that the
salar with the highest deformation rate of all salar observed, Salar de la Isla, also contains
waters with the highest salinity in central Andes. Its maximum salinity is 330g/l,

significantly more than at Pajonales (247 g/l) and at Agua Amarga (197 g/1), hence, it is

more prone to faster salt precipitation and associated ground deformation.

5.4 Discussion & conclusion

In this study, we present a detailed analysis on salar deformations using InSAR
observations, geological information and chemical data in the Western Cordillera of
Northern Chile. We show that all salars observed are actively deforming. Our analysis
demonstrates a strong intra- and inter-salar association between saline facies distribution

and rates of rise or fall of the salar surface.
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Although our results strongly suggest that the deformation (aggradation) observed in the
salars is directly related to levels of salt precipitation and salt crust thickening, other
mechanisms may be contributing locally to the deformation, such as hydroscopic and salt
associated expansion of clay soils in regions of groundwater inflow with in the salt basin
(Gabriel, 1989; Ewing et al., 2006). However, in dry salars, such as the three we studied
in detail, there is typically a lack of near-surface clay beds within the halite-encrusted
regions. That is, clay is not preserved as “soil” layers in sufficient a volume to explain the
observed rises in the ground surface. The observed correlations in ground displacement,
sediment/halite facies variations and inferred salinity suggest that our approach, in tying
responses in ground surface elevation to varying intensities of halite growth/dissolution
mechanisms within and between salars, is viable.

Our observations are taken over a short period of time (a few years) in the salars’

depositional histories. However, a second InSAR dataset using ERS satellite was

processed (same as Ruch et al., 2009), which combined with ENVISAT data shows a

similar linear deformation time series over more than 10 years (see Auxilliary material),

between 1995 to 2008 that was here not detailed because of the coverage limitation of

this specific scene.

If a constant deformation (aggradation) rate of >1cm/year (as observed at Salar de la Isla)
continued over a century or more, then the precipitation of halite in the nucleus facies
should have induced a height differential of around 1 m/century compared to the
aggradation rate of the marginal facies. This is not the case, field observation at Isla and
at other salars across the Altiplano indicate that only few tens of centimetres separate the
surfaces of the halite nucleus and the margin facies associations, indicating likely
variation in the salar dynamics in the past. Transient strong rain or snowfall events on
time scales greater than our few years of observation must influence the heights of

differentials across the various salar surfaces (Ortlieb, 1985). Alternatively, a continuous
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increase of the annual incoming groundwater may accelerate salt crystallization by
capillarity. A regional diminution of the permafrost elevation induced by global warming
is observed since decades in the Andes (Trombotto and Borzetta, 2009). The resulting
increase of the groundwater supply may feeds salar water tables that allows in turn faster
salt precipitation. To test this hypothesis, we analysed the evolution of the salar surface
using Landsat images available from 1973 to the 2006 acquired during the summer period
and observed a continuous increase of the perennial lake dimensions at the salar surface
(Figure 3e-f). Both long term (Landsat) and short term (InSAR) time series may explain
the deformation rate increase in a yearly and a decennially based activity.

The degree of solute cycling in both the nucleus and pan halites over the longer time
frames associated with the halite infill of a drainage sump in an endoreic salar depression
has significant implications in terms of: 1) Recognition of hydrologic stability/climatic
variability preserved in the infill beds as variable salt signatures. 2) Identification of
regions of likely concentration of particular solute components in salar pore brines, such
as lithium and boron. The fact that salar surfaces are aggrading at different rates, both
within and between salars, has direct geohydrologic and indirect long-term climatic
implications.

Water reserve quantification is matter of serious concerns in the central Andes, both for
human water supply and also for mining company needs during mineral extraction
processes. Use of InSAR monitoring of salar surfaces may help define water budgets

within and between salar depressions.
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Conclusion and outlook

In this study, we analyse the spatiotemporal evolution of the Lazufre volcano
deformation detected by InSAR and provide a new overview of the deformation since its
detection in 1997 within its geological context. The deformation is still active after 13
years, and we found that the displacement rate is even progressively increasing. A
second small-scale deformation affecting the Lastarria volcano started around 2000 and
suggests a possible relationship between the two neighbouring systems. After comparing
InSAR data with observations of the volcanic structures, we propose that both
independent deformations are the surface expression of a long-lived magmatic system
evolving at depth, influenced by constant regional stress activity since the Pleistocene.
Although the present lack of geophysical and geological data in this area does not allow
us to construct more realistic models, ongoing ground truth studies at Lazufre will bring
additional data to expand such models in the near future.

In the last few years, InSAR time series have provided high-resolution information
about multi-scale deformations (1010 km?) that were not previously detectable with
standard interferometry. This advance allows us to identify, for instance, flank
movements at Lastarria and clear deformation in salars, which, when combined with
geological analysis, permit us to better understand the active mechanisms. Although this
advanced InSAR technique provides a great amount of new, detailed, full-resolution
data on ground deformations, only a small percentage of it has been exploited to date at
volcanoes or elsewhere. Future studies integrating full InSAR datasets with
complementary geological observations will allow for better understanding of volcanic

hazards and associated processes elsewhere.
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