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Abstract

The Andes are one of the best examples of active orogenic processes in the world, due to

the interaction between the Nazca and South American plates. In the central part of this orogen,

this interaction led to the Altiplano-Puna plateau, the second in height and extent after Tibet. This

plateau is related with abundant arc magmatism, particularly between 21◦45’S and 23◦30’S, a zone

characterized by the Altiplano-Puna volcanic complex, with huge volumes of Neogene ignimbrites

and numerous volcanic centers of Miocene to Holocene age.

In zones where the temperature and presence of fluids are playing an important role, the ap-

plication of geophysical methods recovering the electrical resistivity, strongly controlled by these

factors, is particularly interesting. In the Central Andes,the subducted Nazca plate is releasing flu-

ids which ascend and generate partial melts in the asthenospheric wedge. More locally, the active

volcanic centers are normally associated with hydrothermal systems and the presence of magma.

Both processes, at their different scales, are directly linked and conform the aim of this work.

Between September and November 2007 and during a second field campaign in January and

February 2010, long period magnetotelluric (LMT) stationswere set following an E-W profile

around 23◦40’S, starting at the Cordillera de Domeyko, crossing the Salar de Atacama and reach-

ing the Puna. A more focused study, using audio magnetotelluric (AMT) sites, was carried out

around Lascar volcano, a subduction-related stratovolcano located in the Altiplano-Puna volcanic

complex, with an historical activity characterized by fumarolic emissions and occasional vulcanian

explosions, the largest one observed during April 1993.

Remote reference and robust techniques were used in the data processing. Induction arrows,

phase tensor ellipses and strike direction of the conductivity distribution have been calculated for

both data sets as dimensionality indicators, obtaining different results. The AMT sites around

the volcano are showing a strong 3D behavior for shallower depths, with induction vectors at the

closest sites to the volcano pointing away from it, influenced by the topography and by local con-

ductivity heterogeneities. For the large period data from the profile, the behavior is more 2D with a

more stable strike direction which is coherent with the induction vectors and the largest semi axis

of the phase tensor ellipses. All these parameters are strongly influenced for the longer periods by

a large highly conductive anomaly in the backarc, beneath the Argentinean Puna.
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Sensitivity analysis for different cases of synthetic magmatic chambers beneath Lascar vol-

cano have been performed using 3D forward modeling tools. Conductive zones with different

shapes and sizes were tried at various depths beneath the volcano in order to check the presence

of a magma chamber, but no single conductive zone below the volcanic edifice could explain the

magnetotelluric responses of the stations around it. However, models including a conductive zone

extending to the south-southeast of the volcano improved strongly the fit with the measured data.

This conductive zone is located in the middle of several volcanic centers, limited to the north by

Lascar and Aguas Calientes volcanoes, and to the south by the Puntas Negras volcanic chain and

the Chiliques volcano, suggesting a more complicated magmatic system which could be related

with more than one of the volcanic centers in the area.

2D models obtained from the inversion of the LMT profile data are showing good agreement

with the largest features of this area, as the Cordillera de Domeyko or the Salar de Atacama basin,

and also showing the presence of the highly conductive anomaly previously referred by the dimen-

sionality parameters, extending between 20 and at least 80 km depth. The presence of this conduc-

tive anomaly beneath the Puna and not beneath the active volcanic arc in the Western Cordillera,

may provide new evidence on the upward pathway of fluids from the subducting slab, and there-

fore on the formation of volcanic centers in the Central Andes.

Zusammenfassung

Die Anden, entstanden durch die Subduktion der Nazca-Platte unter die Südamerikanische

Platte, sind eines der besten Beispiele für aktive orogene Prozesse auf der Erde. Im zentralen

Bereich dieses Orogens führte diese Interaktion zur Herausbildung des Altiplano-Puna-Plateaus,

dem nach Tibet zweithöchsten weltweit. Dieses Plateau ist durch ausgedehnten Magmatismus

gekennzeichnet, speziell in der Region zwischen 21◦45’S und 23◦30’S. Diese Zone ist geprägt

durch große Volumen neogener Ignimbrite und zahlreiche vulkanische Zentren miozänen und

holozänen Alters.

In Gebieten, in denen Temperaturanomalien und die Anwesenheit von Fluiden eine große Rolle

spielen, ist insbesondere die Anwendung von geophysikalischen Methoden von Interesse, die die

elektrische Leitfähigkeit bestimmen, da diese stark durchTemperatur und Fluide beeinflusst wird.

In den Zentralen Anden steigen aus der subduzierten Nazca-Platte Fluide auf, welche in der As-

thenosphäre zu partiellen Schmelzen führen. In einem lokalen Maßstab assoziiert man die vulka-

nischen Zentren allgemein mit hydrothermalen Systemen undder Anwesenheit von Magma. Beide

Prozesse, in ihrem unterschiedlichen Maßstab, sind direktmiteinander verbunden und das Ziel

dieser Arbeit.

Zwischen September und November 2007 und während einer zweiten Messkampagne im Jan-

uar und Februar 2010 wurden langperiodische magnetotellurische (LMT) Meßstationen auf einem

E-W streichenden Profil bei ungefähr 23◦40’S aufgebaut, beginnend in der Cordillera de Domeyko,

über den Salar de Atacama und den Vulkanbogen bis zur Puna. Eine genauere Untersuchung mit
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Hilfe von Audiomagnetotellurik (AMT) wurde um den Vulkan Lascar durchgeführt. Dieser durch

Subduktionsprozesse entstandene Stratovulkan zeigte in historischer Zeit fumarolische Aktivität

und gelegentlich explosive Eruptionen, die größte davon beobachtet im April 1993.

Zum Processing der Daten wurden Remote-Reference und robusteVerfahren angewendet. In-

duktionspfeile, Phasentensor-Ellipsen und Streichrichtungen der Leitfähigkeitsverteilungen wur-

den für beide Datensätze als Dimensionalitätsindikatorenberechnet, mit unterschiedlichen Ergeb-

nissen. Die AMT-Stationen um den Vulkan zeigen bei geringenTiefen starke 3D-Effekte. Die

Induktionspfeile der dem Vulkan am nächsten gelegenen Stationen zeigen von diesem weg, da sie

durch Topographie und lokale Leitfähigkeitsheterogenitäten beeinflusst sind. Für die langperiodi-

schen Profildaten ist das Verhalten eher 2D mit einer stabileren Streichrichtung, welche kohärent

mit den Induktionspfeilen und den großen Halbachsen der Phasentensor-Ellipsen ist. Alle diese

Parameter sind stark von einer hochleitfähigen Anomalie imBackarc unter der argentinischen Puna

beeinflusst.

Für verschiedene synthetische Magmakammern-Geometrien unterhalb des Lascar wurden Sen-

sitivitätsanalysen mit Hilfe von 3D-Vorwärts-Modellierungen durchgeführt. Leitfähigkeitszonen

unterschiedlicher Gestalt und Größe wurden in verschiedenen Tiefen getestet, um das Vorhanden-

sein einer Magmakammer zu überprüfen. Jedoch konnte kein einzelner Leiter unterhalb des vulka-

nischen Komplexes die magnetotellurischen Daten an den vulkannahen Stationen erklären. Erst

Modelle, die eine Leitfähigkeitszone beinhalten, welche sich süd-südöstlich vom Vulkan erstreckt,

konnten die Anpassung des Modells signifikant verbessern. Diese Leitfähigkeitszone befindet sich

im Zentrum verschiedener vulkanischer Zentren, im Norden begrenzt durch die Vulkane Lascar

und Aguas Calientes, im Süden durch die Puntas Negras-Kette und den Vulkan Chiliques. Dies

lässt ein komplizierteres magmatisches System vermuten, welches mit mehr als einem vulkanis-

chen Zentrum in der Region verbunden sein könnte.

2D-Modelle, die durch die Inversion der LMT-Profildaten erzeugt wurden, zeigen eine gute

Übereinstimmung mit den größten in dieser Region vorkommenden Strukturen, wie der Cordillera

de Domeyko oder dem Salar de Atacama-Becken im Forearc. Sie zeigen außerdem eine hochleit-

fähige Anomalie zwischen 20 und 80 km Tiefe im Backarc. Die Lage der Leitfähigkeitsanomalie

unterhalb der Puna und nicht etwa unterhalb des aktiven Vulkanbogens in der Western Cordillera

gibt neue Hinweise auf den Pfad der von der subduzierten Platte aufsteigenden Fluide und damit

auf die Entstehung der vulkanischen Zentren in diesem Teil der Anden.
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Resumen

Los Andes es uno de los mejores ejemplos de procesos orogénicos activos en el mundo, debido

a la interacción entre las placas de Nazca y Sudamericana. Enla parte central de este orógeno, esta

interacción llevó a la formación de la meseta del Altiplano-Puna, la segunda en altura y extensión

después de Tíbet. Esta meseta está relacionada con abundante magmatismo de arco, en particular

entre los 21◦45’S y 23◦30’S, una zona caracterizada por el complejo volcánico Altiplano-Puna,

que presenta enormes volúmenes de ignimbritas Neógenas y numerosos centros volcánicos forma-

dos durante el Mioceno y el Holoceno.

En zonas donde la presencia de fluidos y la temperatura jueganun rol importante, la aplicación

de métodos geofísicos que permitan obtener la resistividadeléctrica, fuertemente controlada por

estos factores, es particularmente interesante. En los Andes Centrales, la subducción de la placa

de Nazca libera fluidos que al ascender generan fusión parcial en la Astenósfera. A nivel más

local, los centros volcánicos activos están normalmente asociados con sistemas hidrotermales y

la eventual presencia de magma. Ambos procesos, en sus diferentes escalas, están directamente

vinculados y forman parte de los objetivos de este trabajo.

Entre Septiembre y Noviembre de 2007, y durante una segunda campaña de terreno en Enero

y Febrero de 2010, se instalaron estaciones magnetotelúricas de período largo (LMT) en el perfil

EW en torno a los 23◦40’S, desde de la Cordillera de Domeyko, cruzando el Salar de Atacama y el

arco volcánico, hasta llegar a la Puna. Un estudio más enfocado, con el uso de estaciones de audio-

magnetotelúrica (AMT), se llevó a cabo alrededor del volcánLascar, un estratovolcán de orígen

subductivo situado en el complejo volcánico del Altiplano-Puna, con una actividad histórica car-

acterizada por constantes emisiones fumarólicas y explosiones vulcanianas ocasionales, la mayor

de ellas observada durante abril de 1993.

Técnicas de referencia remota y procesamiento robusto fueron utilizados en el procesamiento

de datos. Flechas de inducción, elipses de tensor de fase y ladirección de rumbo geoeléctrico se

han calculado para ambos conjuntos de datos como indicadores de dimensionalidad, obteniendo

diferentes resultados. Las estaciones de AMT alrededor delvolcán muestran un comportamiento

claramente 3D a escasa profundidad, con las flechas de inducción en los sitios más cercanos al

volcán apuntando lejos de él, influenciadas por la topografía y la presencia de heterogeneidades

conductivas locales. Para los datos de periodo largo en el perfil EW, el comportamiento se ac-

erca a un caso 2D con una dirección de rumbo más estable, que escoherente con los vectores

de inducción y el semi-eje mayor de las elipses del tensor de fase. Todos estos parámetros están

fuertemente influenciados para los períodos más largos por una anomalía de alta conductividad en

el tras-arco, bajo la Puna argentina.

Utilizando herramientas de modelamiento 3D, se han realizado análisis de sensibilidad con-

siderando distintos casos de cámaras magmáticas sintéticas bajo el volcán Lascar. Zonas conduc-

toras con diferentes formas y tamaños fueron analizadas a distintas profundidades bajo el volcán

a fin de verificar la presencia de una posible cámara magmática, pero ninguna zona conductora
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individual bajo el edificio volcánico ha logrado explicar las respuestas magnetotelúricas de las

estaciones a su alrededor. Sin embargo, los modelos que incluyen una zona conductora que se ex-

tiende al sur-sureste del volcán, mejoran notablemente el ajuste con los datos medidos. Esta zona

conductora se encuentra en medio de varios centros volcánicos, siendo limitada al norte por los

volcanes Lascar y Aguas Calientes, y al sur por la cadena volcánica de Puntas Negras y el volcán

Chiliques, lo que sugiere un sistema magmático complejo que podría estar relacionado con más de

uno de los centros volcánicos en la zona.

Los modelos 2D obtenidos de la inversión de los datos del perfil LMT muestran una buena con-

cordancia con los rasgos más característicos de esta zona, como son la Cordillera de Domeyko y la

cuenca del Salar de Atacama, e incluye también la presencia de la anomalía de alta conductividad

previamente inferida por los parámetros de dimensionalidad, que se extiende bajo el trasarco, entre

20 y al menos 80 km de profundidad. La presencia de esta anomalía conductora bajo la Puna y no

bajo el arco volcánico activo en la Cordillera Occidental, puede proporcionar nuevas evidencias

sobre el recorrido ascendente de los fluidos liberados en el proceso de subducción, y por lo tanto

de la formación de centros volcánicos en los Andes Centrales.
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Chapter 1

Introduction

The Central Andes have formed in a long lasting convergent system where, since Jurassic times,

several oceanic plates were subducted under the South American plate. Subduction resulted in the

formation of a magmatic arc that, due to tectonic erosion, has migrated about 200 km eastwards

since 120 Ma, moving from the Coastal Cordillera to its presentposition in the Western Cordillera

(Scheuber et al., 2006). Here, at the western border of South America, the Central Andes are char-

acterized by the Altiplano-Puna plateau, one of the largestplateaus in the world, and the highest

related with abundant arc magmatism, with the main volcaniclocated at its western border, along

the Western Cordillera. These structures and other characterizing this area are shown in figure1.1.

In the subduction zone of the Central Andes several high conductivity zones have been de-

tected (e.g.Schilling et al.(1997); Lezaeta and Brasse(2001); Brasse and Eydam(2008)), mostly

in areas where shear zones are present and/or magmatism has occurred recently, for which fluids

and/or partial melting are the most common explanations. Fluids released from the slab facilitate

partial melting at lower crustal - upper mantle depths, by reducing the melting point of the rocks.

At shallow depths, fluids may circulate in the crust without leading to partial melting, particu-

larly in a brittle crust which has been folded and fractured by tectonic deformation, resulting in a

considerable electrical conductivity enhancement provided that these are rich in minerals and that

they find a pathway to circulate, which is possible in fault zones. Around active volcanic centers,

hydrothermal systems as well as magmatic sources are characterized by a high electrical conduc-

tivity, and consequently form ideal targets for geophysical techniques sensitive to conductivity, as

the magnetotelluric sounding method.
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Figure 1.1: Main structures characterizing the Central Andes. Red stars show the location of
magnetotelluric profiles (A, B, C and D) in the Central Andes, with results described in: A)Brasse
and Eydam(2008); B) Echternacht et al.(1997); Lezaeta(2001); C) Lezaeta(2001); Brasse et al.
(2002); Schwalenberg et al.(2002); D) this work. Lines C1 and C2 are planned profile prolon-
gations for future field campaigns. Red triangle indicates the position of Lascar volcano, and the
dashed rectangle the location of figure1.2.

Magnetotellurics (MT) is an electromagnetic sounding method which belongs to the geophysi-

cal techniques governed by the diffusion equation. Measurements of period-dependent fluctuations

in the electric and magnetic fields on the surface of the Earthcan be used to obtain information

of the resistivity distribution in depth. As the resistivity of rocks in the Earth extends over a very

wide range, the MT method is a useful tool to image the resistivity distribution of the subsurface,

in shallow crustal to mantle depth studies. Several magnetotelluric studies have been developed in

different volcanic zones around the world during the last years, interpreting electrical conductors

as hydrothermal fluids (Ingham et al., 2009), clays (Matsushima et al., 2001), and also magmatic

conduits or chambers, included in several 3-D modeling studies (Ingham et al., 2009; Müller and

Haak, 2004; Hill et al., 2009).
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Chapter 1. Introduction

The area enclosed by a segmented line in figure1.1 is a very particular zone in the Central

Andes, where the volcanic arc, following a characteristic north-south trend, is interrupted by one

of the largest sedimentary basins of the Central Andes, the Salar de Atacama. The volcanic arc, at

the western border of the Salar de Atacama, is shifted 50 km tothe east compared to its north and

southward continuations. In this segment is located one of the most active volcanoes of the Central

Andes during the last 20 years, the Lascar volcano. This volcano, with an activity characterized

by repetitive dome growth and subsidence, accompanied by degassing and explosive eruptions of

different magnitudes, was particularly active during the 1990’s, with its largest recorded eruptive

episode in April 1993, with an eruptive column reaching morethan 20 km height. Tephra fell over

large areas of Brazil, Argentina, Paraguay and Uruguay (Matthews et al., 1997).

Data acquisition was performed during October and Novemberof 2007, and during a second

field campaign in early 2010, following the few access routescrossing the volcanic arc in this

zone. The AMT stations were placed in the area around Lascar volcano, forming a ring and a

short profile across the volcano. The LMT stations were set upmore to the south as a profile from

the highest lands to the Atacama basin. Figure1.2 shows the study zone and the sites where the

magnetotelluric stations were built.

Figure 1.2: Study zone and location of sites. Green triangles are AMT stations and blue squares
are LMT stations.

In this thesis, the goal is to obtain two models:

- An electric conductivity model of the crust and upper mantle of the forearc, magmatic arc and

backarc in the Central Andean subduction zone, at latitudes around 23.7◦S and longitudes be-

tween 66.5 - 69◦W, using long-period instruments (LMT), comparing the results obtained from

the magnetotellurics with other geophysical observationsand the geological background, trying to
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obtain a joint interpretation.

- An electric conductivity model of Lascar volcano and its surroundings using broadband instru-

ments (AMT), trying to check the electrical properties of the shallower crust around the volcano,

and the presence of a magmatic chamber associated with it.

The first part of this work comprises the geological background of the study zone (chapter

2), followed by the theoretical basis of the magnetotelluricsounding method in chapter3. The

data processing will be clarified in chapter4, together with a dimensionality analysis considering

both data sets (from the AMT and LMT data) separately, showing the convenience of a three-

dimensional or two-dimensional approach in each case. In chapter5 the 3D and 2D models ob-

tained for each case will be presented, and the interpretation of the most important features of these

results will be discussed in chapter6, followed by some final remarks in chapter7.
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Chapter 2

Geology of the study zone

Since the origins of the plate tectonics theory, the Andes have been quoted as one of the best

examples in the world, of active orogenic processes due to interaction between oceanic and con-

tinental plates. Due to these interactions, the Andes have become a place of great interest for

scientists of all over the world. Here it is possible to observe the result of millions of years of

deformation processes which have transformed the landscape several times, and that are still in

motion.

Starting with an overview of the geology of the Central Andes,this chapter will focus in the

area between the Coastal Cordillera and the Puna around 23.5◦S, and finally in the Lascar volcano

area.

2.1 Regional Geologic and Tectonic setting

The Central Andes are formed in a long lasting convergent system in which, since Jurassic

times, several oceanic plates were subducted under the South American plate. Subduction resulted

in the formation of a magmatic arc that, due to tectonic erosion, has migrated about 200 km east-

wards since 120 Ma, moving from the Coastal Cordillera to its present position in the Western

Cordillera (Scheuber et al., 2006). Between 15◦ and 34◦S, this segment of the Andes is constituted

principally of continental material, which differs from the northern and southern part of the Andes,

partly constituted by oceanic material accreted in the continent. It comprises the highest peaks of
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2.1. Regional Geologic and Tectonic setting

this mountain range and some of the most active volcanoes in the world.

The convergence between these two plates has been estimatedin several studies (DeMets et al.,

1990; Norabuena et al., 1998; Kendrick et al., 2003), with an average convergence velocity of 79

mm/y under the Central Andes and a direction of N77◦E (DeMets et al., 1994; Somoza, 1998).

The direction of convergence has not varied significantly inthe last 20 Ma, while the velocity

seems to have experienced some variations during this period (Pardo-Casas and Molnar, 1987;

Somoza, 1998).

Figure 2.1: Variation of the Wadati-Benioff plane in the Central Andes and bathymetric-
topographic profiles (Yañez and Cembrano, 2004)

The region in study is placed at the western border of the Bolivian Orocline (13◦-28◦S), a

morphological division between the northern and southern Central Andes. In this zone, the Central

Andes consist of major structural units which approximately parallel the trend of the mountain

range. In the central part, where the Andes attain their maximum width, they comprise four regions,

from west to east, (1) the offshore and onshore fore-arc region, (2) the Western Cordillera that

marks the location of the presently active magmatic arc, (3)the Altiplano-Puna high plateau, and

(4) an eastern belt of fold and thrust structures comprisingthe Eastern Cordillera, the Sub-Andean

Ranges and the Sierras Pampeanas (Oncken et al., 2006). With around 1800 km of extent in the

back-arc region, from southern Peru through Bolivia (Altiplano), northern Argentina and Chile

(Puna), a width between 350 - 400 km, and an average altitude of ∼ 4 km (higher in the Puna),

the Altiplano-Puna plateau is the second only to Tibet in height and extent, and the highest plateau
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Chapter 2. Geology of the study zone

in the world that is associated with abundant arc magmatism (Allmendinger et al., 1997). This

plateau is mainly considered to be a consequence of large crustal shortening. However, there are

still some discrepancies between the observed tectonic shortening, and the amount of material

needed to explain the entire crustal thickness (Farías et al., 2005).

Figure 2.2: Location map showing the extent of the high plateau of the Central Andes. Dark
gray shows area above 3 km elevation; the plateau is defined bythe wide area above 3 km be-
tween 13 and 27◦S. The light gray zones are thin-skinned thrust belts in the Subandean ranges of
Bolivia/Peru and the Precordillera (PC) in Argentina. The Sierras Pampeanas and Santa Barbara
System (SB) are thick-skinned foreland provinces. The hachured zone trending NW-SE across the
Argentine-Bolivian border corresponds to a variety of lateral change in Andean and pre-Andean
features, and can be considered as the Altiplano-Puna boundary (Allmendinger et al., 1997).
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2.1. Regional Geologic and Tectonic setting

Morphological differences between the Altiplano and the Puna, has an average elevation nearly

a kilometer higher in the Puna than in the Altiplano, has beenattributed to greater thinning of the

lithosphere beneath the Puna (Whitman et al., 1996).

The Altiplano-Puna plateau is limited in the north and southby an almost horizontal Benioff

plane angle at depth, estimated between 7◦ and 9◦ (Gutscher et al., 1999, 2000), while under the

Bolivian Orocline, this Benioff plane angle in depth reaches 44◦ (David et al., 2002). This varia-

tion of the Benioff plane seems to be a consequence of the subduction of the Nazca and the Juan

Fernandez ridges at the northern and southern border of the Bolivian Orocline, respectively.

Concentrating in the westernmost regions, the geology of thefore-arc is influenced by earlier

magmatic arcs and associated sedimentary basins of Jurassic to Paleogene age. It records at least

two pre- Neogene shortening events, the Cretaceous Peruvianstage and, most notably, the late

Eocene Incaic phase. Neogene tectonism has produced in the Chilean fore-arc normal faulting

with uplift in the west (Coastal Cordillera) and thrust or reverse faults of limited throw in the east

(Kuhn, 2002; Victor et al., 2004). Young volcanics cover almost all of the Western Cordillera,

which apparently experienced little Neogene deformation (Scheuber and Reutter, 1992).

Around 23◦S, the Central Andean arc is retreated 60 km eastwards from itsregional north-south

trend, reaching a maximum distance from the Perú-Chile trench of about 400 km. To the west, the

Central Andean arc is limited by the Salar de Atacama, a major topographic anomaly placed at

2300 m above sea level, and following to the west is possible to find morphological features such

as the Cordillera de La Sal, Llano de la Paciencia, El Bordo Escarpment, and the Cordillera de

Domeyko.

The Cordillera de Domeyko is an Eocene magmatic and tectonic belt exhuming late Palaeozoic

felsic igneous rocks (Mpodozis and Ramos, 1989), which north of 25◦S is related to a west-verging,

high-angle structural system that propagated slowly to thewest during the Neogene (Muñoz and

Charrier, 1996; Victor et al., 2004). Its eastern border coincides with the El Bordo Escarpment

where, overlying the Paleozoic and Triassic basement, a thick succession of Cretaceous to Miocene

continental sediments, including the Purilactis Group, isexposed. Further east the Llano de la Pa-

ciencia is a narrow 80 km long N-S, and 8 km wide sub-basin filled by coalescing Quaternary

alluvial fans separated from the main Salar de Atacama basinby the Cordillera de la Sal, a still

tectonically active N-S ridge of complexly deformed Oligocene-Pliocene, evaporite-rich, conti-

nental sediments and ignimbrites. Further to the east, but unexposed, the Purilactis Group also

forms the lower section of the Llano de la Paciencia and part of the modern Salar de Atacama

basin sedimentary fill (Mpodozis et al., 2005).

On the Salar de Atacama, multiple models of its tectonic evolution have been published.Flint

et al.(1993) propose that the Salar de Atacama Basin evolved under extensional tectonic conditions

through the Mesozoic and Cenozoic periods.Muñoz et al.(1997) propose that the basin began as a

Cretaceous extensional basin that was subsequently inverted by east-directed thrusting during the

late Cretaceous.Arriagada et al.(2002) andMpodozis et al.(2005) present evidence that during

the late Cretaceous, the basin began in a compressional setting as a foreland basin linked to the
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initial stages of uplift of the Cordillera de Domeyko, emphasizing that the basin forming event was

the inversion of the Jurassic-early Cretaceous extensionalTarapacá backarc basin.

The main structural style of the Salar de Atacama area is given by first-order kilometric scale

∼NS and east-vergent thrust faults (Aron et al., 2008). Subsidiary to these main faults, there is

a second order thin-skinned system (Kuhn, 2002) with similar orientation to the first-order struc-

tures. The fold and thrust belt architecture related to the first and second-order faults, controls the

landscape of the Precordillera and the Salar de Atacama basin.

Figure 2.3: Structural map of the Salar de Atacama area showing some of the first and second
order faults controlling the structural style of this area.Extracted fromAron et al.(2008).
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2.1. Regional Geologic and Tectonic setting

There is evidence of an 80 km long structure along the active magmatic arc, the so-called Mis-

canti Fault (also called Callejón Varela). This fault represents the easternmost expression of the

fold-and-thrust belt. The ca. 400 meters high structural relief of the Miscanti Fault controls the

development of intra-arc lakes (Miscanti and Miñiques lakes) and the local and spatial extension

of andesitic-basaltic lavas erupted from nearby volcanic centers (Aron et al., 2008). Some of these

structures are shown in figure2.3.

Several geophysical studies have been developed in this zone, including refraction seismics

(Schmitz et al., 1999), local earthquake tomography (Graeber and Asch, 1999; Schurr and Riet-

brock, 2004), receiver functions studies (Yuan et al., 2000), and gravity field measurements (Götze

et al., 1994). These studies support the idea of a thick crust (>60 km) beneath the Salar de Ata-

cama, finding a rheologically strong block with low attenuation (high Qp) and highvp values (see

figure 2.4) surrounded by a relatively weak zone and a high in the residual gravity around this

basin, which supports the idea of this strong block, called the Atacama Block bySchurr and Riet-

brock(2004). According to this last referred study the composition of the Atacama Block should

be an even mixture of quartz-rich gneiss and metabasites, because with this mixed composition it

is possible to fit thevp andvp/vs ratio and because this composition can be related to investigated

high-pressure, low-temperature rocks that crop out in the Sierra de Limon Verde (NW of the Salar

de Atacama).

The western Altiplano-Puna plateau margin forms a huge monocline that lacks prominent Neo-

gene deformation structures. The origin of this monocline has been a subject of debate, putting

in the table several hypothesis.Isacks(1988) has suggested that uplift of this margin was the

result of flexure of the crust as a response to late Miocene underthrusting from the east. More

recently,Muñoz and Charrier(1996), Farias et al.(2002) andGarcía et al.(2002) have reported

the occurrence of steeply east dipping reverse faults with low shortening magnitudes at the base

of the monocline between 18◦30’ and 19◦30’S that they dated to be Miocene in age. They sug-

gested a thrust-related uplift of the western Altiplano crust paralleled by surface tilting from deep

processes.Lamb et al.(1997) explained the monocline as a gigantic tilted block of uppercrust that

collapsed and rotated between the subvertical Atacama and Precordilleran Fault Systems during

Plio-Pleistocene plateau uplift. On a smaller scale,Wörner et al.(2000) describe similar large-scale

antithetic block rotations at 18◦S induced by gravitational collapse of the plateau flank. In addition,

deformation of parts of the forearc has been shown to be dominated by vertical axis block rota-

tions that have been either attributed to oroclinal bendingof the Andes (Isacks, 1988; MacFadden

et al., 1995; Kuhn, 2002) or to oblique subduction during the Cenozoic (Beck, 1988; Randall et al.,

1996).
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Figure 2.4: Topography, residual gravity, and interpretational cross section through the Salar de
Atacama basin at 23.2◦S. Abbreviations are as follows: PC - Precordillera, PCFS - Precordilleran
fault system, AD - Salar de Atacama depression, AB - Atacama block, WC - Western Cordillera
(extracted and edited fromSchurr and Rietbrock(2004)).

Concentrating on our study area, the Neogene deformation zones are controlled by fault sys-

tems following preferably three directions, Orogen parallel (N-S), as the Precordillera fault system,

NE-striking faults, such as the Uyuni-Kehnayani fault, andNW-trending faults (Salfity, 1985), as

the Olacapato-El Toro (or Calama-Olacapato-El Toro) fault system. The NW-striking fault zones

are generally associated with Neogene volcanic centers (Matteini et al., 2002b; Petrinovic et al.,

2005) and are characterized by a significant component of horizontal, fault-normal dilation (Riller

et al., 2001). In contrast to these zones, the orogen-parallel and NE-trending fault systems con-

sist mostly of reverse faults, which generally follow mountain fronts of uplifted ranges that were

formed by displacement on reverse faults that affected pre-Cenozoic basement rocks (Gangui,

1998; Riller and Oncken, 2003). The curvature of individual fault zones of the NE-striking system
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2.1. Regional Geologic and Tectonic setting

toward parallelism with faults of the orogen-parallel system indicates that the two fault systems

are geometrically and kinematically linked. As a result, the curvilinear faults of both fault systems

enclose compressive basins of rhombohedral shape in plan view, as the Atacama basin. This sug-

gests that the morphology of the southern central Andes is largely a result of reverse faulting on

the two fault systems (Riller and Oncken, 2003).

In this region, as part of the Central Volcanic Zone between 21◦ and 24◦S, is developed the

Altiplano-Puna Volcanic Complex in response to a late Miocene ignimbrite “flare up” in the

Altiplano-Puna plateau (De Silva, 1989). This major volcano-tectonic province occupies an area

over 70.000 km2 and is the site of the largest concentration of voluminous late-Miocene to Pliocene

ignimbrite eruptions on earth. This region has been continuously active since 23 Ma, ending a pe-

riod of magmatic quiescence in the Oligocene to early Miocene. While andesite volcanism dom-

inated from the late Tertiary until the late Miocene, since then the volcanism was dominated by

voluminous ignimbrite eruptions, producing regionally extensive, crystal-rich, dacitic and large

volume ignimbrites (Lindsay et al., 2001).

For a regional description of the different units over whichLascar volcano is placed, from the

eastern border of the Salar de Atacama until the western border of the Puna, a temporal classifica-

tion can be made, starting from volcano sedimentary units ofPaleozoic age until the Pleistocene-

Holocene volcanic deposits.

Some of the oldest rocks of this region can be identified as volcano sedimentary successions

representing the product of a magmatic zone at the Pacific margin of Gondwana that can be traced

from the Peruvian Andes until the Antarctic Peninsula (Breitkreuz and Zeil, 1994). In the north

Chilean Precordillera and Western Cordillera, these units are grouped in the Peine Group (Bahlburg

and Breitkreuz, 1991).

East of the Salar de Atacama a long chain of outcrops of volcano sedimentary units of the Peine

Group is exposed (see figure2.5), considering basic lavas intercalated with volcanogenicsand-

stones in the Peine formation which overlies unconformablythe Cas formation, formed mainly by

siliceous ash, lapilli tuffs and flows. Peine formation has been dated between 290 and 229 Ma

(Gardeweg et al., 1998; Breitkreuz and Zeil, 1994). The Allana and Cuyuguas hills formed by

sedimentary and volcanic rocks are lithologically similarto the Cas formation, and are intruded by

different granites, aplites and andesitic dykes (Breitkreuz and Zeil, 1994; Gardeweg et al., 1994).

In the whole area of study, it is possible to distinguish a Cenozoic cover mainly formed by vol-

cano sedimentary rocks of different ages. Paleogene deposits can be found to the south and west

of Lascar volcano, identified as the Quepe strata, composed of sandstones, volcano-clastic con-

glomerates and lutites. Much more extended in the surface ofthe area around Lascar are the rocks

formed by the Miocene to Pliocene magmatism of the Altiplano-Puna volcanic complex (De Silva,

1989).
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Chapter 2. Geology of the study zone

Figure 2.5: Geological map of the area east of Salar de Atacama, fromBreitkreuz and Zeil(1994).
A, B and C represent 3 zones to the E of the Salar de Atacama, as shown in the leftmost image.

The ignimbrites asociated with the evolution of the Pliocene volcanism form a slightly sloping

plateau which covers most of the pre-Cenozoic rocks. Toconaoand Atana ignimbrites appear

to have been generated from La Pacana caldera, one of the largest resurgent calderas in South

America (60 x 35 km2), and part of the Altiplano Puna Volcanic Complex. Toconao isa smaller

volume, crystal poor and rhyolitic ignimbrite. With an age between 4.0-5.8 Ma (Gardeweg and

Ramírez, 1987; Lindsay et al., 2001), it is considered as a pre caldera ignimbrite. The Atana

ignimbrite is a large volume, homogeneous, crystal rich anddacitic ignimbrite, with an age of

4 Ma and it is associated with the formation (collapse) of theLa Pacana caldera (Gardeweg and

Ramírez, 1987), with a volume estimation of 2500 km3 (Lindsay et al., 2001). Following caldera

collapse and formation of the resurgent Atana block, several crystal-rich dacitic-rhyolitic domes

formed along the margin of the resurgent block. K-Ar ages show that this post-caldera volcanism

continued from 4 to 2 Ma, indicating that the La Pacana magmatic system was active for at least 2

Ma after the main eruption.
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Other younger ignimbrites present in the zone are:

- Tucucaro and Patao ignimbrites, rhyolitic poor in crystals, with ages between 2.9 and 3.2 Ma

(Gardeweg and Ramírez, 1987).

- Pampa Chamaca ignimbrite, rhyolitic of age between 2.4 and 2.5 Ma (Gardeweg and Ramírez,

1987; Lindsay et al., 2001).

2.2 Evolution of Lascar volcano

Lascar volcano developed in the western margin of the Altiplano about 30 km east of the Salar

de Atacama on Pre-Cenozoic basement rocks. It is located at 23◦22′S, 67◦41′W and has an altitude

of 5592m above sea level. It corresponds to a volcanic massifcomposed of two stratovolcanoes

with ejection centers separated by 1.6 km. Its craters reach900 m diameter each. An aerial view

of this volcano is presented in figure2.6.

Lascar is bounded by two major volcanic centers. To the SW, the Tumisa volcano consists

of a dome complex of highly porphyritic dacite, surrounded by a fan of pyroclastic flow deposits

(Matthews et al., 1997). The Tumisa complex has K-Ar dates ranging between 2.5 and 0.4 Ma.

Aguas Calientes volcano, east of Lascar consists of hornblende andesite and dacite lavas. All Las-

car pyroclastic deposits are younger than Aguas Calientes.

The edifice of Lascar, from the first eruptive stage, is constituted essentially by lavas and an-

desitic pyroclasts (60.44% SiO2). A second eruptive cycle developed three craters in row throw

which were ejected pyroclastic fluxes and andesitic-dacitic to dacitic lavas (70.87% SiO2). The

most recent lava flux corresponds to an andesitic-basaltic (58.0% SiO2) reaching 5.5 km through

the N-NW slope, maybe 500 or 600 years ago.

Its most recent activity has been characterized by explosive eruptions such as the one on April

1993, with vulcanian explosions, strombolian activity andplinian eruptions, with a column of

tephra and gases reaching 12000 m.

Its activity started before the last glacial maximum but less than 50 ka years ago. According to

Matthews et al.(1997) the volcanic history can be separated into four evolutionary stages, which

created an edifice aligned in an E-W direction. Stage I built an edifice on the eastern side and

erupted pyroxene-andesite lavas, producing at the end of this stage two andesitic pyroclastic flow

deposits (Saltar and Chaile). In stage II the activity shifted to the western side. Evidences indicate

that this stage produced a substancial dome complex which has been largely destroyed. The stage

II Soncor eruption (radiocarbon age of 26.45 ka), the largest explosive eruption of the volcano,

produced 10-15 km3 of mixed andesitic to dacitic pyroclastic flow deposits and alarge Plinian

fallout deposit. In stage III a stratocone was constructed of silicic andesitic and dacitic lavas and

pyroclasts, built on top of the site of the Soncor eruption. This stage finished in a major andesitic
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explosive eruption, which generated scoria flow deposits known as the Tumbres deposits (9.2 ka).

Finally, stage IV activity shifted eastwards again to the currently active part of the volcano. The

most significant eruption from stage IV was the Tumbres-Talabre Lava in the N-W (7.1 ka). This

flow was truncated by the formation of the first of three deep collapse craters that document a

progressive westward migration of the center of activity.

Lascar

Aguas
Calientes

Figure 2.6: Aerial photograph of the active area of Lascar volcano acquired in 1998 (extracted
and edited fromPavez et al.(2006)).

The volcanic rocks of Lascar are dominantly pyroxene andesite and dacite, although hornblende-

andesite and dacite have been identified from the Piedras Grandes and Soncor deposits. The mag-

mas commonly show evidence for mixing between mafic and evolved components, indicating that

a fractionating magmatic system is periodically replenished with basaltic andesite magma. Sam-

ples of andesite lava (57.2-59.3 wt.% SiO2) from the recent explosive activity (1986-1990) show

little or no evidence for mixing with more evolved components, but the products of the April 1993

and subsequent dome contain conspicuous compositionally banded ejecta and lava (57.2-60.8 wt.%

SiO2). The presence of anhydrite phenocrysts in many samples, including the 1993 ejecta, indi-

cate high volatile pressure and the presence of a coexistingmagmatic gas with high sulphur content

(Matthews et al., 1997).
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2.2. Evolution of Lascar volcano

Figure 2.7: Geology around Lascar volcano (Gardeweg et al., 1998) showing the different evolu-
tionary stages. Scale 1:50.000.

Historically, its behavior has been recorded since 1848 andit has been characterized by contin-

uous fumarolic emissions and occasional vulcanian explosions. The activity of the volcano itself,

since 1984, can be described in terms of four eruptive cycles, according to the work and mea-

surements of different authors in the zone, summarized byMatthews et al.(1997) as four cycles,

involving growth and subsidence of the lava dome and crater system, completed by an explosive

event.

Cycle 1: Beginning with a reactivation of Lascar in 1984, presenting strong degassing. A vi-

olent vulcanian eruption occurred on 14-16 September 1986,ejecting a column of ash and water

vapor to an altitude of 10 km above the crater. There is not direct observation of lava dome subsi-

dence prior to the eruption, but there was a major decrease inhigh level thermal activity, based on

remote sensing observations (Oppenheimer et al., 1993) from 1984-1986.

Cycle 2: Between February and April 1989 a lava dome extruded, accompanied by strong

fumarolic emissions, subterranean noise and crater glow. ByOctober 1989 the dome started to

subside, and developed concentric annular fractures, due to subsidence in the center. Strong steam

eruptions were observed on 17 and 21 December 1989, producing dense, white clouds up to 2 km

above the crater. Three intense vulcanian explosions occurred on 20 February 1990 over a period
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of 5-10 minutes, forming eruption columns 8-14 km above the crater. Bombs of dense vesicular

andesite, up to 1.5 m in diameter, are interpreted to be fragments of the dome, and were found up

to 4 km from the vent.

Cycle 3: By March 1990 the dome had almost completely disappeared. Between February

and March 1992 a new lava dome was observed in the active crater, related with a peak in 1.6

µm thermal radiance detected from satellites (Oppenheimer et al., 1993). Several minor explosive

eruptions occurred on 15 and 21 May and between June and September 1992. The initiation of

dome subsidence was first directly observed in November 1992, disappearing almost completely

by March 1993. There was pronounced seismicity in January-March 1993, consisting of abundant

long period earthquakes, which are conventionally interpreted to indicate degassing or magma

movement. On 19-20 April a substantial explosive eruption occurred. This eruption was preceded

by two intense vulcanian eruptions on 18 April 1993, maintaining an eruption column during 19-

20 April between 5 and 25 km above the volcano, and generatingcollapse pyroclastic flows to

the northwest, northeast and southeast of the volcano.Tephra fell over a large area of Paraguay,

Uruguay, Brazil and Argentina. Bombs up to 1.5 m diameter were found in impact craters up to 5

km from the vent. An estimated 0.1 km3 of magma was erupted, accompanied by 400 kTon SO2.

Cycle 4: On 26 April 1993 a new dome was observed in the crater, with a flat surface and an

estimated diameter of 380 m. Observations made on 19 May indicated that the dome had begun to

subside. An aerial photograph made by Fuerza Aerea de Chile on11 June 1993 showed that further

collapse had occurred. A small vulcanian explosive eruption occurred in August. By 12 December

the shortwave infrared signal had fallen to zero, showing that dome activity and degassing were

very low. On 17 December 1993 a vulcanian explosion produceda column 8-10 km high. Bombs

of around 1 m diameter were ejected up to 2 km from the crater.

During April and May 1994, one year after the previously detailed eruption of 1993, three

short-period, three component seismometers were placed onthe flanks of the volcano, together

with a broadband seismometer located on the NW flank of Lascarduring the PISCO ’94 experi-

ment (Proyecto de Investigación Sismológica de la Cordillera Occidental 94). The results of this

study, detailed inHellweg (1999a,b, 2000), show the presence of two different kinds of tremors,

rapid-fire and harmonic, and both seem to be generated by movement of fluids in the volcano, most

probably water, steam or gas.

A SAR interferometry study developed during the last decadein Lascar, detailed inPavez et al.

(2006), shows the ground deformation in the volcano based on time series data from European and

Japanese satellites acquired between 1993 and 2000. This study indicates that no persistent large

scale deformation could be detected for the sequence of vulcanian eruptions after the April 1993

eruption. Post eruptive crater subsidence associated withdegassing at subsurface levels beneath

the central crater was evidenced and quantified.

24



Chapter 3

Theoretical background of Magnetotellurics

Magnetotellurics is a geophysical method which uses electromagnetic induction to investi-

gate the electrical conductivity distribution in the Earth. MT is a passive method which uses as

signal source the variations of the natural external electromagnetic field originating from diverse

extraterrestrial processes and encompassing a broad spectrum of frequencies. The field variations

can be generally classified in: solar daily variations (Sq-variations), magnetic storms, pulsations

and spherics. The spectra of these variations cover periodsranging from 10−3 to 105 s and are gen-

erated by interaction between the solar wind and the magnetosphere and ionosphere of our planet.

This method can be also active when the source is a controlledartificial signal, receiving the name

of CSMT (Controlled Source MT). The relationship between the period of the electromagnetic

waves and the penetration depth is given by theskin effect, showing that with a broad frequency

band, depths up to several hundreds of kilometers can be imaged.

The first publications about this theory, based on Maxwell’sequations, where made byTikhonov

(1950) andCagniard(1953), who designed the magnetotelluric sounding as a method forstudying

the vertical variations in the electrical conductivity distribution, in 1-D. It was not until the 1960’s

when different experiments (e.g.Tikhonov and Berdichevsky, 1966) showed that horizontal geo-

electric inhomogeneities can be the cause of great distortions in the results of MT sounding, and

that magnetotellurics needed a theory considering the electromagnetic field within the horizontally

inhomogeneous Earth.

The time varying external magnetic field in the Ionosphere induces according to Faraday’s law

in the Earth’s interior an electric field which in turn induces a secondary, internal magnetic field

(Ampere’s law). The induction process in a homogeneous isotropic medium is governed by the

Maxwell equations, which can be written as follows.
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∇× ~E = −∂ ~B

∂t
Faraday’s law of induction (1st Maxwell’s law) (3.1)

∇× ~H = ~jf +
∂ ~D

∂t
Ampere’s law (2nd Maxwell’s law) (3.2)

∇ · ~B = 0 Gauss’ law for magnetism (3.3)

∇ · ~D = qf Gauss’ law (3.4)

Where ~E is the electric field (in V/m),~B is the magnetic field (in T),~H is the magnetizing field

(in A/m), ~jf the current density owing to free charges (in A/m2), ~D the electric displacement field

(in C/m2) andqf the electric charge density owing to free charges.

Assuming that time-varying displacements currents (arising from polarization effects) are negligi-

ble compared with time-varying conduction currents, Ampere’s law reduces to

∇× ~H = ~jf (3.5)

For a linear isotropic medium, the material equations have been shown to hold:

~B = µ ~H (3.6)

~D = ǫ ~E (3.7)

For MT studies, variations in electrical permittivities (ǫ) and magnetic permeabilities (µ) of

rocks are negligible compared with variations in bulk rock conductivities, and free space values

(ǫ0 = 8.85× 10−12Fm−1 andµ0 = 1.2566× 10−6Hm−1) are assumed.

Considering equations3.5, 3.6and3.7, and also that~J = σ ~E (Ohm’s law), withσ the conductivity

(in S/m), the Maxwell equations can be written in a compact form.

∇× ~E = −∂ ~B

∂t
(3.8)

∇× ~B = µ0σ ~E (3.9)

∇ · ~B = 0 (3.10)

∇ · ~E =
qf
ǫ

(3.11)

Given the following identity,

∇×∇× ~Ψ = ∇(∇ · ~Ψ)−∇2~Ψ
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and considering that∇ · ~B = 0 (Gauss’ law for magnetism) and also the fact that no free charges

can be accumulated in a medium of uniform conductivity (∆σ = 0), i.e.∇· ~D = 0 and∇· ~E = 0,

if the curl is applied to equations3.8and3.9, the result will be the following:

∇×∇× ~E = ∇(∇ · ~E
︸ ︷︷ ︸

0

)−∇2 ~E = ∇× (−∂ ~B

∂t
)

⇒ ∇2 ~E − µ0σ
∂ ~E

∂t
= 0 (3.12)

∇×∇× ~B = ∇(∇ · ~B
︸ ︷︷ ︸

0

)−∇2 ~B = ∇× (µσ ~E

⇒ ∇2 ~B − µ0σ
∂ ~B

∂t
= 0 (3.13)

An important approximation adopted is the assumption of a plane polarized wave vertically

incident on the conductive Earth, which means that the vertical variations of the electromagnetic

field are much more important than the horizontal ones. This assumption is based in the large

distance between the source of these electromagnetic waves, which is in the Ionosphere, and the

observation point, which is in the Earth’s surface, more than 100 km away.

3.1 1-D case

Starting now with the simplest case of an homogeneous half-space (extending in z-direction),

and considering the fields with harmonic temporal variationeiwt, equation3.12can be solved with

a solution of the form:

~E = E1e
iωt−qz + E2e

iωt+qz (3.14)

Assuming that the Earth does not generate electromagnetic energy, only dissipates or absorbs it,~E

should diminish as z increases (z→Earth’s radius), implying thatE2 = 0.

Taking the second derivative of the previous equation,

∂2 ~E

∂z2
= q2E1e

iωt−qz = q2 ~E (3.15)
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And considering that in an half-space model
∂ ~E

∂x
= 0 and

∂ ~E

∂y
= 0, we can evaluate our solution

in equation3.12, obtaining:

∇2 ~E =
∂2 ~E

∂z2
⇒ iωµ0σ ~E = q2 ~E

⇒ q =
√

iωµ0σ =
√

ωµ0σ/2 + i
√

ωµ0σ/2 (3.16)

and the inverse of the real part of q:

p = 1/Re(q) =
√

2/µ0σω (3.17)

is known as the electromagneticskin depth. This penetration factor depends on the angular fre-

quency and conductivity of the medium in which the wave is propagating. As larger is the fre-

quency, the stronger is the attenuation, and the penetration depth becomes smaller. The value

C = 1/q = p/2 − ip/2 is referred to as the Schmucker-Weidelt transfer function.The transfer

functionC establishes a linear relationship between the physical properties that are measured in

the field. ConsideringEx = E1xe
iωt−qz:

∂Ex

∂z
= −qEx (3.18)

Comparing equations3.18and3.8,

∂Ex

∂z
= −∂By

∂t
= −iωBy = −qEx ⇒ C = 1/q =

Ex

iωBy

= − Ey

iωBx

(3.19)

Therefore,C can be calculated from measuredEx andBy fields, or equivalentlyEy andBx fields,

and if C is known, the resistivity of the homogeneous half-space canbe calculated combining

equations3.16and3.19, obtaining:

ρ = 1/σ =
1

|q|2
µ0ω = |C|2 µ0ω[V mA−1] (3.20)

Now, extending the previous result for a N-layered half-space, within every layer with conduc-

tivity σn we can find a solution of the form given in equation3.14:

Exn(qn, ω) = E1ne
iωt−qnz + E2ne

iωt+qnz

= an(qn, ω)e
−qnz + bn(qn, ω)e

+qnz (3.21)

In the same way, the magnetic field within the nth layer is given by:

Byn(qn, ω) = an(qn, ω)e
−qnz + bn(qn, ω)e

+qnz (3.22)
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3.2. 2D case, TE and TM modes

Assuming that we could measureExn andByn, the transfer functionC according to eq.3.19will

be given by:

Cn(z) =
Exn(z)

iωByn(z)
(3.23)

Substituting equations3.21and3.22into equation3.23, it is possible to derive expressions for the

transfer functions at the top and bottom of the nth layer,Cnzn−1 andCn(zn) respectively. Based

on the continuity of the field components at the transition from the nth to the (n-1)th layer,

Cn(zn) = lim
z→zn−0

Cn(z) = lim
z→zn+0

Cn+1(z) = Cn+1(zn) (3.24)

Wait obtained, in 1954, a recursion formula to calculate thetransfer function at the top of the nth

layer, if the transfer function at the top of the (n+1)th layer is known:

Cn(zn−1) =
1

qn

qnCn+1(zn) + tanh(qnln)

1 + qnCn+1(zn)tanh(qnln)
(3.25)

Whereln = zn − zn−1. In this n-layer scenario, it is possible to define the concept of apparent

resistivityas the average resistivity of an equivalent homogeneous half-space as follows:

ρa(ω) = |C(ω)|2 µ0ω

And the correspondentimpedance phase,

φ1−D = tan−1(Ex/By)

Weidelt, in 1972, linked these two parameters via the Kramers-Kronig relationship, which states

thatρa(T ) can be predicted fromφ(T ) except for a scaling factor,ρ0. The impossibility to predict

the absolute level of theρa(T ) curve from the impedance phase in some 2D and 3D conductivity

distributions, whereas the shape can be predicted, reflectsthestatic shiftphenomenon.

3.2 2D case, TE and TM modes

The 1-D situation in magnetotellurics is clearly a very simplified case, and in practice one

should be able to resolve this problem in at least 2 dimensions, assuming continuity in one direc-

tion. This could be the case of a dyke or a fault with an approximately constant conductivity along
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Chapter 3. Theoretical background of Magnetotellurics

its strike.

For a body with infinite along-strike direction and with a constant conductivity along its strike,

let us define the x-direction as the strike of this body, and the 2D conductivity to beσ(y, z), as

well as its reciprocal, the 2D resistivity asρ(y, z). The 2D profile direction, y, is also horizontal,

and z is vertical and increases downwards. Since the EM-fields are treated as plane waves, which

means that the interaction between electric and magnetic fields are always orthogonal with each

other and therefore the horizontal component of the magnetic field tangential to the conductivity

strike does not depend on the magnetic field component perpendicular to it, the Maxwell equations

can be decoupled into two polarization modes:

- The TE-mode (sometimes called E-parallel, B-perpendicular or E-polarization), refers to the tan-

gential electric field with respect to the strike, in which the electric currents flow perpendicular to

the 2D profile (along strike).

- The TM-mode (sometimes called E-perpendicular, B-parallel or B-polarization) refers to the tan-

gential magnetic field with respect to the strike, in which the currents flow along the 2D profile

(perpendicular to strike).

Thus, this decoupling can be expressed as follows,

TE-mode

∂Bz

∂y
− ∂By

∂z
= µ0σEx

∂Ex

∂z
= −iωBy

∂Ex

∂y
= iωBz

(3.26)

TM-mode

∂Ez

∂y
− ∂Ey

∂z
= iωBx

∂Bx

∂z
= −µ0σEy

∂Bx

∂y
= µ0σEz

(3.27)

3.3 Impedance Tensor

Considering the fluctuations in the components of the naturalelectric and magnetic fields,

measured in orthogonal directions at the surface of the Earth, the orthogonal components of the

horizontal electric and magnetic fields are related via the electrical impedance Z [mV/T], which is

the ratio between the electrical and magnetic field components.

In an homogeneous media, the ratio of the orthogonal components is given by (from equation

3.19):
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3.3. Impedance Tensor

Z =
iω

q
(3.28)

In a general 3D Earth, the impedance is expressed in matrix form:

[

Ex

Ey

]

=

[

Zxx Zxy

Zyx Zyy

]

︸ ︷︷ ︸

Z

[

Bx

By

]

(3.29)

Where each element of the impedance tensor is defined asZij = Ei/Bj, with i, j = x or y

In the 1-D case with conductivity varying only with depth, due to the symmetry of the problem

it can be verified thatZxy = −Zyx and thatZxx = Zyy = 0.

In the 2D case, with the x or y direction aligned along the electromagnetic strike, the measured

horizontal electric and magnetic fields at the Earth-air interface in the frequency domain are related

by:

[

Ex

Ey

]

=

[

0 Zxy

Zyx 0

][

Bx

By

]

(3.30)

Where the off-diagonal impedancesZxy andZyx correspond to the TE and TM modes.

The impedance tensor can be rotated in any other coordinate system by an angleθ, with the

rotation matrixR

Zm = RZRT , whereR =

[

cosθ sinθ

−sinθ cosθ

]

with positiveθ describing a clockwise rotation from the coordinate systemof Zm.

In the general case, the apparent resistivity related to each component of the impedance tensor

is defined by:

ρa,ij =
µ0

ω
|Zij(ω)|2 (3.31)
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Chapter 3. Theoretical background of Magnetotellurics

while the phase of the impedance element, describing the phase shift between the electric and

magnetic field components:

Zij = |Eij

Bij

|eiφ ⇒ φij = ϕEi
− ϕBj

= tan−1

(
Im {Zij(ω)}
Re {Zij}

)

(3.32)

wherei, j = x, y andϕEi
andϕBj

are the phase of the electric and magnetic field components

respectively.

In an homogeneous space, the impedance phase is:

Z =
iω

q
=

√
ω

µ0σ

√
i ⇒ φ = π/4 (3.33)

which means that the electric field precedes the magnetic field by 45◦, given by the diffusive pro-

cess of the EM plane waves propagation.

In a 1-D layered earth the phase increases over 45◦ when the EM-response penetrates into a

higher conductivity media. By analogy, the phase drops below45◦ for the electromagnetic re-

sponse penetrating into a less conductive media, meaning that by the diffusive process, the phase

shift between the orthogonal electric and magnetic field components attenuates when the fields

penetrates into a less conductive media.

In the 1D/2D case the phases lie in the I or III quadrant ([0,π/2] or [π, 3π/2]), which means

that the real and imaginary parts of Zxy (or Zyx) have equal sign. This is due to the principle

of causality of the interaction between electric and magnetic fields induced in the earth, i.e., any

secondary field induced due to a conductivity contrast should necessarily postdate the primary in-

cident field. By convention, the element Zxy is defined as positive and therefore Zyx is negative,

implying an impedance phase in the I and III quadrant, respectively.

One of the primary purposes of MT impedance tensor analysis is to determine what the in-

trinsic dimensionality and directionality of the tensor are, and how those change with decreasing

frequency (increasing depth). Several parameters will be introduced in order to analyze properly

the measured data and determine correctly the dimensionality of the problem that we have to solve.

This analysis, carried out in the next chapter, will define ifa 2D assumption is sufficient to explain

our data, or if the development of 3D models is necessary.
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Chapter 4

Data processing and analysis

In order to improve the quality, visualize and analyze the magnetotelluric data collected during

the field campaigns, before use it in inversions or models, a first data processing was performed,

followed by a dimensionality analysis. Both procedures willbe clarified in this chapter.

4.1 Data processing

The digital time series collected in the field campaign can simultaneously contain information

about many periods and, therefore, about many penetration depths. The first step in data processing

consists in a preprocessing of the time series, in order to remove spikes and errors in the data. The

following step is to change to the frequency domain, for thispurpose a spectral analysis is carried

out considering the following procedure:

- Classical Spectral Estimations, applying the Fast Fouriertransformation to the time series.

- Window tapering, in order to reduce spectral leakage and hence the bias.

- Cascade decimation, where each decimation step involves anti-aliasing low-pass filtering of the

time series with a recursive filter and then decimation.

- Spectral resolution, choosing the length of the data segment.

After the spectral analysis, transfer functions need to be calculated, by solving the linear ex-

pansion of equation3.29:
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Chapter 4. Data processing and analysis

Ex = Zxx(ω)Bx(ω) + Zxy(ω)By(ω) (4.1)

Ey = Zyx(ω)Bx(ω) + Zyy(ω)By(ω) (4.2)

Because the plain wave source field assumption is only an approximation, a statistical solution for

the MT impedance is required, so the remainder functionδE(ω) is minimized, assuming that er-

rors in the measurements of the magnetic field are negligiblecompared to the errors in the electric

field, and considering theN independent segments in which the time series have been divided in

the Fast Fourier Transformation, equations4.1and4.2can be re-written as follows:

Exk = ZxxBxk + ZxyByk + δExk (4.3)

Eyk = ZyxBxk + ZyyByk + δEyk (4.4)

for k = 1 . . . N . Then the standard least squares approach to solve this problem (e.g.Sims et al.

(1971)) leads to:

Z = ( ~E ~B∗)( ~B ~B∗)−1 (4.5)

(4.6)

where∗ denotes the complex conjugate transpose, and

( ~E ~B∗) =

(

〈ExBx
∗〉 〈ExBy

∗〉
〈EyBx

∗〉 〈EyBy
∗〉

)

with

〈XY ∗〉 = 1

N

N∑

k=1

XkY
∗

k

In this work, a program developed byEgbert and Booker(1986) has been used for the esti-

mation of the transfer function, which incorporates a robust scheme that iteratively down-weights

data that do not fit the model of Gaussian distributed variables (the regression M-estimator, adopted

from Huber(1981)). In this approach, we seek estimates of the transfer function Z which mini-

mizes an expression of the form:
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4.1. Data processing

∑

k

ρ

(
~Ek − ~BkZ

σ

)

(4.7)

whereσ is a scale parameter used for normalizing the residuals,r0 = 1.5, andρ(r) is a function of

the form:

ρ(r) =







r2/2 |r| < r0

r0|r| − r0
2/2 |r| ≥ r0

instead ofρ(r) = r2/2, which corresponds to a Weighted Least Squares approach.

If the errors in the magnetic field measurements are not negligible (against the initial hypothe-

sis), the autopowers may amplify the noise in the measured fields, severely biasing the impedance

estimates (Gamble et al., 1979). The use of a remote magnetometer was proposed to obtain refer-

ence fields, as the uncontaminated (natural) part of the induced field can be expected to be coherent

over a spatial scale of many kilometers and noise is generally random and incoherent, the noise of

the remote station should be uncorrelated with any of the four fields at the MT station. Correlated

noise that is present in both, local and remote sites cannot be removed by this method. The use

of magnetic field as remote reference is preferred over the electric field because horizontal mag-

netic fields exhibit greater homogeneity than electric fields in the vicinity of lateral heterogeneities,

are less susceptible to being polarized and are generally less contaminated by noise than electric

fields. The distance between local and remote site that is necessary to realize the assumption of

uncorrelated noise depends on the noise source, intended frequency range and conductivity of the

sounding medium. Normally, the instruments are placed several kilometers apart, ensuring the

simultaneous data recording with the use of GPS clocks.

With remote reference processing, only cross spectra of horizontal magnetic field components

of local and remote sites appear in the solution ofZ, obtaining an unbiased estimation.

Also the elements of the induction vectors (explained in detail in section4.2.1of this chapter)

can be estimated similarly toZ, and unbiased estimations can be obtained analogously withthe

horizontal magnetic field of a remote site.

With these estimations of the impedance tensor is possible to obtain the apparent resistivity

and phase curves, according to the definitions given in equations 3.31 and3.32. A comparison

between the apparent resistivities and phases for theZxy andZyx components of the impedance

tensor, obtained using single station processing and remote reference processing for one of the

AMT stations measured close to Lascar volcano is shown in figure4.1.
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Figure 4.1: Apparent resistivity and phase curves, for the AMT station L03. In this case, the phase
curves for both polarization modes are plotted in the first quadrant. Curves obtained with single
site processing (left) and remote reference processing (right) are shown for comparison.

4.2 Dimensionality and distortion analysis

The MT transfer functions can be affected by DC-currents, in MT referred to as galvanic dis-

tortion, produced by local conductive bodies, small 3D structures which can impede the regional

exploration of the underground. In this sense, they are a cause of distortion for the regional fields

and therefore the goal is to remove this effect and recover the regional information.

The separation of local and regional effects is a critical issue in magnetotellurics. One way of

approaching this problem is by the use of distortion matrices, which are used to represent the dis-

tortion of electric fields by near-surface inhomogeneities. Using distortion matrices, the distorted
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4.2. Dimensionality and distortion analysis

electric field is written as a function of the values the electric field would have had if the inho-

mogeneities were not present. Distortion matrices are useful when they can be determined well

enough that their effect on data can be removed, and the data can be interpreted using a simpler

model, such as a 2D model. The determination of a strike anglefor the corresponding 2D case

using distortion matrix analysis was developed for the measured AMT and LMT data.

For some of the apparent resistivity curves of the measured data, the transfer functions of some

sites are affected by static shift, caused by small scale conductivity contrasts. This shift is called

“static” because the conservation of current at conductivity discontinuities is not a time dependent

process, and therefore, this phenomenon does not affect thephase of the transfer function. The

phase tensor analysis is another way of approach to this problem, and allows to work with our

measured data without the influence of these small scale conductivity contrasts.

The first parameter in study will be theinduction vectors, which are vector representations of

the complex ratios of vertical to horizontal magnetic field components. Since vertical magnetic

fields are generated by lateral conductivity gradients, induction vectors can be used to infer the

presence or absence of lateral variations in conductivity.

4.2.1 Induction vectors

The first parameter in study for this dimensionality analysis will be the geomagnetic transfer

functions. Comparing them in different period ranges one canhave an idea of the different conduc-

tivity gradients that are playing a role in the studied zone,and how good is the agreement between

the possible conductivity distribution and the supposition of a 2D or a 3D situation.

The vertical component of the magnetic field, as well as both horizontal components were

measured at every site, a good way to display these data is using induction vectors, which are a

representation of the geomagnetic transfer functions calculated as follows:

Bz = (Tx Ty)

(

Bx

By

)

whereT = (Tx Ty) is often termed “tipper”, because the secondary field of a lateral conductivity

variation tilts the magnetic field out of its horizontal direction in a one-dimensional setting (Brasse

et al., 2009).

BothTx andTy are complex numbers. By taking the real and imaginary part of these values, one
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can obtain the following.

~P = Re(Tx)~ex +Re(Ty)~ey (4.8)

~Q = Im(Tx)~ex + Im(Ty)~ey (4.9)

Where~ex and~ey are unitary vectors.~P and~Q are the induction vectors, and with them it is possible

to identify conductive and resistive zones for the different frequencies, depending on the behavior

of these vectors. According to the “Wiese convention”, usedin this work, induction vectors point

away from conductive zones.

These vectors were calculated for every measured period at each station. Some periods repre-

senting data in each decade for the LMT profile is shown in figure4.2.

For periods between 10 s and 300 s, the induction vectors calculated along the LMT profile

seem to be influenced by local conductivity heterogeneities, as no regional behavior can be no-

ticed. One of the local effects present in the western borderof the profile is the effect of the Salar

de Atacama, as the induction vectors for the stations placedin the Salar (ATA and SAL) are show-

ing a very small effect as they are surrounded by a highly conductive zone, and in its borders (PAC,

PEI and PEN in the southern border) show very strong induction vectors pointing away from this

basin for periods between 10 s and 100 s.

Different is the situation between 300 s and 3000 s. For this period range the induction vectors

at every station behave in the same way, pointing to the W-SW with similar intensities as is shown

in the image C of figure4.2. This result, obtained during the processing of the data measured in

2007 was one of the motivations to extend the profile to the Argentinian Puna in the following field

campaign conducted during January and February 2010. The new stations placed at the eastern

border of this profile are not showing strong induction vectors as it is the case for all the other sta-

tions in the profile. This result, pointing to a strongly conductive anomaly under the Puna will be

treated in depth in the following chapters. After 3000 seconds, the effect of this highly conductive

zone at the eastern border of the profile decreases, and the induction vectors become weaker as

shown in the image D of figure4.2.

The same behavior can be seen in the induction vectors calculated for the AMT stations. Also

between 300 s and 1000 s all the induction vectors are pointing in direction W-SW (F in figure

4.3), showing the same influence as the LMT stations, and indicating that the anomaly causing this

behavior for this period range extends also to the north of the LMT profile. For the shortest peri-

ods the influence of the topography can be noticed especiallyin the stations closer to the volcanic

edifice (L07 and L08 in image A and B in figure4.3).
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Figure 4.2: Real induction vectors of LMT stations for periods of 10 s, 102 s, 1311 s and 7282 s.
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Figure 4.3: Real induction vectors of AMT stations for periods of 0.0078 s (frequency 128 Hz),
0.083 s (frequency 12 Hz), 2 s, 11 s, 89 s and 1024 s. Yellow triangle shows the position of Lascar
volcano.

At first sight, no large conductive anomaly under Lascar volcano could be inferred from the

analysis of the induction vectors of the stations surrounding it. For the shortest periods, the topog-

raphy seems to play an important role as at the stations closer to the volcanic edifice the induction

vectors point away from it, as can be seen in the images A and B in figure4.3. However, for the

period range between 1 s and 80 s, the AMT stations show a behavior which could be indicating

the presence of a conductive anomaly in the SE of Lascar volcano (image D in figure4.3), where

small induction vectors are surrounded by larger ones pointing away from this zone.

4.2.2 Galvanic distortions and Skew parameters

In magnetotelluric surveys, localized heterogeneities inconductivity near the Earth’s surface

distort the electromagnetic response produced by the underlying conductivity structure under in-

vestigation. As the period of the MT signals increases, inductive effects produced by the near-

surface structures decrease and eventually become negligible compared with the inductive response

produced by the regional conductivity structure.

However, the presence of these small 3D structures at shallow depths in the study area pro-
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4.2. Dimensionality and distortion analysis

duce distortions that are usually referred to asstatic shifteffect, which can be caused by a multi-

dimensional conductivity contrast having depths and dimensions less than the true penetration

depth of the electromagnetic fields. Conductivity discontinuities cause local distortion of the am-

plitudes of electric fields as a result of conservation of electric charge, causing impedance mag-

nitudes to be enhanced or diminished by real scaling factors. As a result, the apparent resistivity

curves are affected by a parallel offset, but impedance phases are not affected. Except of some

unusual cases where the distortion is very severe, the horizontal magnetic field components are not

significantly affected and the distortion in the electromagnetic field is almost entirely confined to

the electric field (Jiracek, 1990).

In order to solve this problem, distortion matrices are usedto represent the distortion of elec-

tric fields by near-surface inhomogeneities. Using distortion matrices the distorted electric field is

written as a function of the values the electric field would have had if the inhomogeneities were

not present. Distortion matrices are useful when they can bedetermined well enough so that their

effect on data can be removed, and the data can be interpretedusing a simpler model, such as a 2D

model (Smith, 1995).

A non-dimensional rotational invariant parameter which measures the departure from an ideal

2D model is the skew given bySwift (1967), considering:

S1 = Zxx + Zyy;S2 = Zxy + Zyx (4.10)

D1 = Zxx − Zyy;D2 = Zxy − Zyx (4.11)

The skew is given by:

κ = |S1| / |D2| (4.12)

In the case of multi-dimensional heterogeneities with spatial dimensions significantly less than

the inductive scale length of the data, superposed on a regional 2D structure, and decomposing the

data into a local, non inductive response (galvanic) and a regional inductive response, the elements

of the measured impedance tensorZ in the regional coordinate(x′, y′) system will be proportional

to and in-phase with the elements of the regional impedanceZr in the form (Bahr, 1988):

Z = C

[

0 Zr
x′y′

Zr
y′x′ 0

]

= CZ2D

where C is the distortion matrix of frequency independent real numbers, a consequence of the

distorted current which is in-phase with the regional electric field. However, in an arbitrary coor-

dinate system(x, y), the phases of the two regional impedances will be mixed, as the elements of

the tensor are linear combinations of theZxy andZyx.
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Z = βCZ2Dβ
T

The condition that in the coordinate system of the regional strike, the tensor elements within each

column should have the same phase, allows to calculate the rotation angle which defines the rota-

tion matrixβ.

For cases in which no rotation angle can be found for which thephases in the respective

columns of the impedance tensor are equal,Bahr (1991) proposes minimizing the phase differ-

ence between the elements of each column,δ.

Z = βC

[

Zyxe
iδ Zxy

Zyx Zxye
−iδ

]

βT

The presence of a phase difference between the elements of each column is expected if the anoma-

lous magnetic fields are not negligible. In this senseBahr (1988) found a non-dimensional rota-

tional invariant parameter which is a measure for these phase differences, identified as the phase

sensitive skew,η:

η =
(|[D1, S2]− [S1, D2]|)1/2

|D2|
(4.13)

where,

[A,B] = Re(A)Im(B)−Re(B)Im(A)

with D1, D2, S1 andS2 as define in equations4.10and4.11.

A skew value of zero supports the validity of the telluric distortion hypothesis, i.e., a perfect

regional 2D model can be identified, while greater values indicate the departure of this assumption.

Bahr gave a limit of 0.1 to test the validity of the galvanic model, and 0.3 for the validity of this

model with small phase differences. A surpass of this limit could reflect the non-validity of this

model, which means that 3D inductive structures are present.

The skew according to Swift’s model, and also the phase sensitive skew for all the period range

were calculated along the LMT profile. Considering both definitions given in equations4.12and

4.13, these values are shown as contour plots in figure4.4.
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Figure 4.4: LMT profile showing the skewness in the definitions of Bahr (above) and Swift
(below). White and light tones indicate a skewness below 0.3,as a tentative measure for two-
dimensionality.

The same situation as in the induction vectors analysis is present, with a relatively high skew-

ness for the shorter periods in several stations. A strong influence of the Salar de Atacama basin

can be seen in the Swift’s skew values for the stations PEN andPEI, but that does not affect the

phase sensitive skew. For periods around 100 s (and larger for Swift’s skew) between stations PEI

and SOP, the rise in the skewness until 0.3 could be related with the presence of intrusive rocks

belonging to the Cas formation. However, the small skew values in a wide period range and for

most of the stations measured along this profile shows the good agreement with the 2D assumption

in this zone, for periods between 10 s and 10000 s.

Analyzing now shallower depths with the AMT data, the skew isshowing small values for

shortest periods at most stations, but an increase in the skewness starts at 0.1 or 1 s, extending until

10 s in some cases (stations L01 or L02 in figure4.5) and until almost 100 s for some other stations

(stations L03, L08 or L09 in figure4.5).
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Chapter 4. Data processing and analysis

Figure 4.5: Skew for six AMT stations according to Swift (blue circles) and Bahr (red triangles)
definitions. Note that very high skew values in L01 and L15 between 1 s and 10 s are due to noise.

4.2.3 Determination of the regional strike direction

There are many occasions on which the magnetotelluric impedance tensor is affected by local

galvanic distortion of electric currents arising from induction in a conductive structure which is

approximately 2D on a regional scale. Even though the inductive behavior is 2D, the resulting

impedance tensor can be shown to have a 3D behavior. Decompositions of the impedance tensor

which separates the effects of 3-D channeling from those of 2-D induction have been presented by

Bahr(1988), Groom and Bailey(1989) andSmith(1995).

Considering a galvanic electric fieldEg caused by electric charges that accumulate along con-

ductivity boundaries, and a regional electric fieldEr, the galvanic electric field can be written in

terms of the regional electric field, followingSmith(1995).

Eg(Er
x) =

(

a

b

)

Er
x

Eg(Er
y) =

(

c

d

)

Er
y
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4.2. Dimensionality and distortion analysis

Then, the measured electric field can be written as a sum of thegalvanic and regional electric fields.

(

Em
x

Em
y

)

=

(

1 + a c

b 1 + d

)(

Er
x

Er
y

)

= DEr

This matrixD is then the distortion matrix, similar to the matrixC in the previous section. Now,

using a different parametrization, D can be written in a different way, as follows.

D =

[

gx

(

cosβx

sinβx

)

gy

(

−sinβy

cosβy

) ]

(4.14)

The quantitygx is the amount in which the regional electric field in the x direction is amplified,

andβx is the amount this electric field has been rotated clockwise.The valuesgy andβy have an

equivalent meaning but for the y direction.

Considering now equation4.14and using this distorion matrix to relateZm andZr.

Zm = DZr =

[

cosβx −sinβy

sinβx cosβy

][

gxZ
r
11 gxZ

r
12

gyZ
r
21 gyZ

r
22

]

As there are four known complex components in theZm matrix (measured) and twelve unknowns

(gx, gy, βx, βy, and the 4 complexZr
i j), the system has eight real equations for twelve unknowns.

To solve this undetermined system, the least restrictive assumption is that the regional geology is

2D. Then, in a coordinate system aligned with the regional strike, the diagonal elements of the

regional impedance vanish, and the previous equation is reduced to

Z̃
m
=

[

cosβx −sinβy

sinβx cosβy

][

0 gxZ
r
12

gyZ
r
21 0

]

Now the system can be solved with eight real equations for sixreal unknowns, and the problem is

now overdetermined.

Sinceβx and βy are frequency independent, estimates of their values can beimproved by
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estimating them together with a set of values ofgxZ
r
12 andgyZr

21 simultaneously at n different

frequencies, by minimizing the total misfit between the measuredZm and the estimated̃Z
m

over

the n frequencies. Previous equation can be re-written as.

Z̃
m

i =

[

1 c̃

b̃ 1

][

0 Zi
12

Zi
21 0

]

WhereZi
12 = gxZ

r
12cosβx, Zi

21 = gyZ
r
21cosβy, andZ̃

m

i is referred to the value at theith frequency,

while b̃ = tanβx andc̃ = −tanβy are frequency independent.

Using an iterative program based on the previous theory, developed bySmith (1995), it was

possible to calculate the strike direction for different ranges of frequencies. The strike direction

determination for the LMT profile, with data between 10 s and 10000 s was calculated for the

whole period range and also for three subdivisions, trying to show the behavior of the shallower

(10-100 s), intermediate (100-1000 s) and deeper structures (1000-10000 s).

Figure 4.6: Strike direction determined for each LMT station and rose diagram calculated for the
total period range between 10 s and 10000 s.

Figure 4.7: Strike direction determined for each LMT station and Rose diagram calculated for a
period range between 10 s and 100 s.
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4.2. Dimensionality and distortion analysis

Figure 4.8: Strike direction determined for each LMT station and Rose diagram calculated for a
period range between 100 s and 1000 s.

Figure 4.9: Strike direction determined for each LMT station and Rose diagram calculated for a
period range between 1000 s and 10000 s.

Looking at this analysis for the three decades of periods separately, it becomes clear that the

data for shallower depths has a 3D behavior, especially in the forearc where the influence of the

Salar de Atacama basin in the stations close to it is very strong. The presence of a regional strike

can be well determined for the period range between 100 s and 10000 s with a value close to -10◦

from the north. This result is consistent with the previously calculated induction vectors, showing

no general pattern for the shorter periods until 80 s, and behaving more uniformly from there on.

The strike direction was also calculated for the AMT data, obtaining a similar result as in the

LMT case, with no clear direction for periods shorter than 10s, as can be seen in figure4.10. The

strike direction for the shortest period range (0.01 s - 0.1 s), not shown in this figure, is also not

showing a clear direction.
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Figure 4.10: Strike direction for the AMT stations calculated for 4 period ranges.

As with the AMT stations we measured periods between 0.0039 sand 1000 s, this result is more

critical as in the LMT case, because a large part of our data can not be treated as 2D. Therefore, a

3D model is required to explain the data measured around Lascar volcano, especially for the first

km in depth. Different is the case for the LMT profile, for which the 2D supposition seems to fit

the measured data well.

4.2.4 Phase tensor analysis

Although the amplitude of the observed electric field may be drastically distorted by a near

surface heterogeneity, the phase relationship between theelectric and magnetic field vectors will

be virtually unaffected for this galvanic distortions. MT distortion analysis seeks then to recover

the regional phase relationship from a set of distorted measurements, even when both the near
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4.2. Dimensionality and distortion analysis

surface heterogeneity and the regional conductivity structures are 3D.

It is possible to writeEm (measured field) in terms of the impedance tensor considering, as

in the previous sections, a 2x2 real distortion matrixD, and the regional fields (Er andBr) as

follows:

~Er(ω) = Zr(ω) ~Br(ω) ⇒ ~Em = D~Er = D(Zr ~Br) = (DZr) ~Bm ⇒ Zm = DZr

The conditions under whichBm = Br is a good approximation are discussed inGroom and Bahr

(1992), Singer(1992), Chave and Smith(1994) andUtada and Munekane(2000).

According to these representations,Z can be separated in its real (R) and imaginary (I) part as

follows.

Zm = Rm + iIm

Zr = Rr + iIr ⇒ Rm = DRr andIm = DIr

Defining the phase tensor now, and using the equations above:

Φm = (Rm)−1Im = (DRr)−1DIr = (Rr)−1D−1DIr = (Rr)−1Ir = Φr

Thus the observed and regional phase tensors are identical and independent of the distortion tensor.

No assumptions have been made about the nature or dimensionality of the regional conductivity

structure.

Written in terms of the real and imaginary components ofZ in a Cartesian coordinate system

(x,y), the phase tensorΦ can be written as the following matrix.

Φ =

[

Φxx Φxy

Φyx Φyy

]

=
1

det(R)

[

RyyIxx −RxyIyx RyyIxy −RxyIyy

RxxIyx −RyxIxx RxxIyy −RyxIxy

]

Wheredet(R) = RxxRyy −RyxRxy is the determinant of R.

For a graphical representation of the phase tensor, it is necessary to introduce some other
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parameters. These are the following.

β =
1

2
tan−1

(
Φxy − Φyx

Φxx + Φyy

)

α =
1

2
tan−1

(
Φxy + Φyx

Φxx − Φyy

)

Φmax = (Φ1
2 + Φ3

2) + (Φ1
2 + Φ3

2 − Φ2
2)1/2

Φmin = (Φ1
2 + Φ3

2)− (Φ1
2 + Φ3

2 − Φ2
2)1/2 (4.15)

with Φ1, Φ2 andΦ3 defined by,

Φ1 = trace(Φ)/2 = (Φxx + Φyy)/2

Φ2 =
√

det(Φ) =
√

ΦxxΦyy − ΦxyΦyx

Φ3 = skew(Φ)/2 = (Φxy − Φyx)/2

With the parameters defined in equations4.15, the graphical representation of the phase tensor

as an ellipse can be shown with the following figure.

Figure 4.11: Graphical representation of the phase tensor (Caldwell et al., 2004).

The major and minor axes of the ellipse represent the principal axes and values of the tensor

with the orientation of the major axis specified by the angleα−β. If the phase tensor is symmetric

(β = 0), the orientation of the major axis is given byα. In the general case, the skew angle (β)

is non-zero and represents the rotation of the major axis of the phase tensor ellipse away from an

identically shaped ellipse represented by a symmetric tensor.

Different cases can be represented by the phase tensor ellipses. For an uniform half-space, a

circle of unit radius represents the phase tensor at all periods. If the conductivity is both isotropic
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and 1-D, the radius of the circle will vary with period according to the variation of conductivity

with depth. In a 2D, or quasi 2D, situation whereβ is zero or close to zero, respectively, the phase-

tensor ellipse will have either its major or minor axes aligned with the geoelectric strike direction.

The phase tensor analysis was applied to our AMT and LMT data.Starting with the LMT data,

we obtain the following results.

Figure 4.12: Phase tensor ellipses for the LMT profile normalized by the maximum phase value,
color scale representsβ. The ellipses are plotted so that the horizontal axis corresponds to an
east-west orientation. The segmented line encloses the ellipses with|β| < 5

As seen in figure4.12, the smallβ values together with a consistent direction of the major semi

axis is showing a behavior consistent with the 2D case in a large part of the period range for most

of the measured stations. Many of the stations present an unsettled behavior for longer periods,

probably due to a poor data quality. A different case seems tobe present under stations PEI and

SOP, where larger values ofβ were obtained, until periods around 100 s. This result is consistent

with the Bahr’s and Swift’s skew values shown in section4.2.2, with a high skew value in the same

part of the profile.

Now, the color of the ellipses showsΦmin, parameter which is an indicator of the vertical

conductivity gradient; values greater than 45◦ indicate increasing conductivity with increasing

depth.
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Chapter 4. Data processing and analysis

Figure 4.13: Phase tensor ellipses for the LMT profile normalized by the maximum phase value,
color scale representsΦmin. The segmented line encloses the ellipses with atan−1Φmin > 45,
indicating increasing conductivity with depth.

Two zones with a relatively highΦmin are present in the LMT profile, which could be indicating

the presence of conductive zones. Especially interesting is the zone marked as B in figure4.13,

which is coincident with the hypothesis of a conductive zoneunder the Puna, signaled by the

analysis of the induction vectors for periods between 100 s and 1000 s.

A phase tensor analysis was also developed for the AMT stations. In this case, the phase

tensor ellipses are showing a relatively smallβ value, but with large variation in the major axis

direction of the ellipses, especially for the shorter periods, indicating the inappropriateness of a 2D

analysis. In figure4.14, the phase tensor ellipses for the AMT data are colored representingΦ2,

a coordinate invariant which represents the geometric meanof the maximum and minimum phase

differences between the magnetic and electric field, that is, the phase averaged over the inducing

field’s polarization direction (Heise et al., 2008; Hill et al., 2009). AsΦmin, this parameter provides

an indicator of the vertical conductivity gradient.

For the AMT stations, a high value ofΦ2 is present in the stations placed to the S-SE of the

volcano. At periods between 0.1 s and 1 s this behavior is alsopresent in stations L07 and L08,

placed at the southern slope of the volcanic edifice, and alsoat the stations to the S.
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4.2. Dimensionality and distortion analysis

Figure 4.14: Phase tensor ellipses for the AMT stations normalized by the maximum phase value,
color scale represents the tan−1Φ2, with Φ2 =

√
ΦmaxΦmin. Yellow triangle shows the position of

Lascar volcano.

Beyond 1 s, and until almost 10 s,Φ2 becomes slowly smaller for the stations closer to the vol-

cano (L07 and L08), but the stations to the south (L09, L16, L15 and L12) are still showing higher

values. This could indicate the presence of a highly conductive zone located at 1-5 km depth to the

south of the volcano, which is getting closer to the volcano from the south as the depth decreases.

The presence of a conductive zone to the south of the volcano at these periods was also mentioned

in the induction vectors analysis section. In order to clarify the presence of features such as the

one indicated in the previous lines, 3D models were developed, and the results are presented in the

following chapters.

53



Chapter 5

Inversions and Models

5.1 2D Inversion of LMT data

According to the results obtained in the dimensionality analysis shown in the previous chapter,

a 2D model along the LMT profile could describe successfully the measured data. A 2D inversion

model was obtained using the Nonlinear Conjugate Gradients algorithm (NLCG), implemented by

Rodi and Mackie(2001).

The strongly ill-posed nonlinear inverse problem of calculating the subsurface conductivity

distribution from magnetotelluric data, is solved with a 2Dsmooth model inversion routine which

finds regularized solutions (Tikhonov-type regularization) using the method of nonlinear conjugate

gradients by minimizing the objective function:

S(m) = ||Wd(d− F (m))||2 + τ ||Wm(m−m0)||2 (5.1)

with d denoting the data vector,m the model vector,Wd a data weight matrix (usually the data

variances) andτ the regularization parameter.F (m) is the model response,m0 the starting or

an a priori model,||...|| the norm, andWm the regularization operator, often set as the Laplacian

(∇2m)2. Wm incorporates a weighting functionw(x, z) allowing to penalize horizontal or vertical

exaggeration of model structures (R. Mackie, 2-D inversion manual):

mtW t
mWmm ≈

∫

w(x, z)(∇2m)2dA (5.2)
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5.1. 2D Inversion of LMT data

integration is over model areaA. If an uniform grid is chosen forWm, then

w(z) = (z(k)/z0)
β for zk > z0 and (5.3)

w(z) = 1 for zk ≤ z0 (5.4)

wherez(k) is the thickness of the k-th row andz0 the minimum block thickness, which has to be

set manually.

As a graded grid was used (which is common in broadband electromagnetic modeling), this

procedure may lead to artifacts if vertical and horizontal grid spacings are very different. Therefore

grid spacing was kept as uniform as possible within the region of interest. We used this code to

invert tipper data, E and B polarization resistivities and phases separately and also jointly.

The misfit between data and model response is calculated as a root mean square error according

to:

RMS =

√

(d− F (m))tWd
−1(d− F (m))

N
(5.5)

with N = number of data points. Under practical conditions,Wd contains only the main diagonal,

i.e., the data variances. Note that this misfit measure depends on the data errors and care must be

taken if analyzing a model fit by looking at the RMS alone; this is particularly important if an error

floor is set.

In the NLCG implemented in the WinGLink software package (version 2.20.02), some of the

main parameters which control the inversion are the following.

- Smoothest model or variations: The program can solve for the smoothest model or the smoothest

variations away from the starting model. Choosing smoothestvariations is a useful way to do hy-

pothesis testing for different model parameters or features.

- Regularization Laplacian: It is possible to specify eithera uniform grid Laplacian (which as-

sumes for the purposes of computing the regularization function that the dimensions of the model

are all equal) or standard Laplacian on the actual model mesh. The uniform grid Laplacian may

produce smoother models, but at the expense of smearing features both vertically and horizontally.

The standard Laplacian may produce a rougher-looking model, but the definition of smoothness is

consistent with the model dimensions.

- Regularization Order: It’s possible to minimize the gradients |∇m|2 of the model, or the Lapla-

cian(∇2m)2 of the model.

- τ for smoothing operator: Is the regularization parameter that controls the trade-off between fit-

ting the data and adhering to the model constraint. Larger values cause a smoother model at the

expense of a worse data fit.

- Weighting function: The first option specifies theα factor to multiply horizontal derivatives. A

value of 1.0 is recommended unless you want to increase the horizontal smoothness. The second

line specifiesβ in the weighting function. A value of 3.0 is recommended if minimizing (∇2m)2
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and a value of 1.0 is recommended if minimizing|∇m|2. If one set the value to zero, then no

weighting is applied to the regularization term.

- Error Floor: Input errors that are below this value will be reset to this value. The error floor for

phase is entered in percentage.

Numerous experiments have to be conducted to achieve a best-fitting and reliable final model.

These tests, which should be a standard procedure in non-linear, regularized inversion, are briefly

mentioned here: 1) variation of the starting model and influence of the ocean; 2) exploration

of model space by varying the regularization parameterτ , yielding a trade-off curve (ideally L-

shaped) between RMS fit (root mean square) and model roughness(Asters et al., 2005); 3) assign-

ing specific error floors to individual components, i.e., TE and TM mode resistivities and phases,

and tipper data, as well as checking for static effects; 4) sensitivity tests and tests of (in)significant

model features; 5) discretization; 6) convergence and number of iterations. Another important

aspect is to check individual components separately: due todifferent boundary conditions at inter-

faces, TE and TM mode impedances and geomagnetic transfer functions are sensitive to different

subsurface structures

Typical values used for the different parameters controlling the inversion are the following.

- Solve for the smoothest model

- Minimize the integral of the Laplacian(∇2m)2

- Error Floor forρ: 20 %

- Error Floor forφ: 5◦

- Tyz Data (error floor forHz): 0.02 (abs.)

- Minimum frequency: 0.0001 for LMT data

- τ for smoothing operator: For the determination of this parameter, an analysis of the trade-off

between data fitting (RMS) and smoothness of the model is necessary. Figure5.1is showing a plot

relating these two values.
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Figure 5.1: Tradeoff between roughness and RMS. The roughness is controlled byτ indicated in
this plot next to the red dots.
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5.1. 2D Inversion of LMT data

A value ofτ = 10 was selected as a good trade-off between data fitting and smoothness. For

larger values, the RMS increase rapidly, while for smaller values, the RMS become smaller but the

smoothness of the model decreases strongly.

With the previously defined parameters and the data measuredin the first field campaign

(2007), during 2008 and 2009 several 2D inversions were run in order to achieve a reliable re-

sult, obtaining the model shown in figure5.2.
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Figure 5.2: 2D inversion of LMT data (10 s - 10000 s) measured during the first field campaign
in 2007. RMS: 1.759

One of the most interesting features of the 2D inversion result shown in figure5.2 is the large

highly conductive zone present at the eastern border of the profile, which seems to be the source

of the induction vector’s behavior at 500-1000 s, and which can be seen in all the stations. The

presence of this conductive zone just outside the profile wastested by several sensitivity tests, but

in order to constrain its size and extension, more stations to the east of the profile were needed.

The lack of stations in this part of the profile, as well as somegaps in the original profile were

solved in the second field campaign carried out during January and February 2010.

Now including the new data set available, new 2D inversions for this profile were made con-

sidering a starting model which includes the Pacific Ocean inthe westenrmost side, the Salar de

Atacama basin and the subducting slab. The sea was represented as a very conductive layer of 0.3

Ωm, extending from the coast and reaching depths of 6 km in the trench. The other very conductive
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zone, the Salar de Atacama basin, was also represented with aresistivity of 0.1Ωm, but reaching

a depth of 1 km. On the other hand, the subducting slab was represented as a resistive zone of 500

Ωm, extending in depth from the trench to the east, approximating the depths of the Wadati-Benioff

zone indicated byCahill and Isacks(1992). These features were part of the starting solution, but

were not locked in the grid, so they could change their valueswith every iteration.
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Figure 5.3: Starting model for the inversion of LMT data including the sea (red layer, top left) and
the Salar de Atacama basin (red layer, top center) as conductive layers, and the subducting slab as
a resistive zone (in light blue).

The frequency range used in the inversion of this profile is between 0.0001 Hz and 0.1 Hz for

the LMT data. Several inversions were calculated, in order to see the changes that each of the

parameters that control the inversion produce.

Stations ATA and SAL were placed directly in the Salar de Atacama basin and due to the im-

possibility of digging holes for electric probes, due to theextremely hard saline cover found in the

central part of this basin, their data consist of magnetic field measurements and no electric field

data is available for these stations. Without the impedancetensor, both stations were used only in

the inversions of tipper data. The 2D inversion of tipper data and a 2D inversion (without stations

ATA and SAL) with a starting model as shown in figure5.3 and the typical values described pre-

viously, is also presented in figure5.4
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5.1. 2D Inversion of LMT data

A

B

EW

Figure 5.4: 2D inversion of LMT data. (A) 2D inversion of tipper data only, including stations
ATA and SAL, RMS: 1.661. (B) 2D inversion of tipper, TE and TM modes, RMS: 1.957. Note
that stations ATA and SAL were not considered for the joint inversion shown in the image below,
as for these stations no electric fields but only magnetic fields were measured.

The 2D inversion with TE mode, TM mode and tipper (shown in figure5.4 B) has a RMS of

1.957, where the fitting between the measured and calculatedvalues for each station can be seen

in figure5.5.
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Figure 5.5: Comparison between measured and calculated datafrom the 2D inversion of TE, TM
and tipper shown in figure5.4 B. Dots are measured data and curves are the data calculated with
the 2D inversion program.
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5.1. 2D Inversion of LMT data

Concerning the starting model used for the previously shown 2D inversion, no significant

changes were obtained by using this kind of starting model (shown in figure5.3) instead of an

homogeneous half-space of 100Ωm, as the same features that characterize the previously shown

2D inversion are present in both cases.

Sensitivity tests were carried out in order to estimate the effects of changes in the parameters,

and the robustness of the features characterizing these 2D inversions. Only slight changes in the

shape of these features were observed, and their relative position and size remained practically

unchanged. Several tests were also carried out in order to better resolve the boundaries of these

features, especially with regard to depth extent. For the highly conductive zone below the Puna,

which in the inversion result is reaching depths of∼120 km, several test were tried with the 2D

forward modeling tool, using the inversion result as starting model. The relative conductive zone

which seems to escape from the highly conductive zone beneath the Puna, and which is extending

until 40-50 km below the volcanic arc was also tested, in order to discard possible artifacts needed

for the 2D inversion process. Setting the resistivity of this zone to a value of 100Ωm instead of

10-20Ωm presented in the model shown in figure5.4B, the model responses present some slight

but perceptible changes as shown in figure5.6.
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Figure 5.6: Comparison between measured data (dots) and model responses (lines) for station
SOC, located in the western border of the volcanic arc for a forward model based on the 2D
inversion result shown in figure5.4B, without the relatively conductive zone beneath the volcanic
arc (enclosed by a segmented line). The black arrow is indicating the slight but perceptible misfit
between 100 and 1000 s in the TE curve due to the absence of the relatively conductive zone.

Now, changing the resistivity to a value of 100Ωm below the highly conductive zone beneath

the Puna, and setting its bottom at different depths, the obtained results are shown in figure5.7.
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Figure 5.7: Comparison between measured data (dots) and model responses (lines) for station
ARC, located in the Argentinian Puna, for a forward model basedon the 2D inversion result shown
in figure5.4 B, with the bottom of the highly conductive zone below the Punaset at (A) 35 km ,
(B) 55 km and (C) 80 km

The result shown in figure5.7 for station ARC is analogue to those obtained for stations INC

and OLA, placed also in the Argentinian Puna. The change of the lower edge of the conductive

zone affects especially the TE mode of these stations for thelonger periods, as indicate the black
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5.1. 2D Inversion of LMT data

arrows in the previous figure. While for a conductive zone reaching only 35 km in depth the fit

is clearly poor for the last decade, when this conductive zone reaches 60 km the differences are

smaller but still clear. For a conductive zone extending until 85 km or more, the behavior of the TE

mode also seems to escape from the trend observed in the measured data, but only for the largest

periods. For periods larger than 7000 s, the measured data inthe stations above the anomaly have

low quality and therefore were not considered for the inversions or this analysis. Hence, the lower

boundary of the highly conductive zone beneath the Puna obtained in the 2D inversion should

extend at least until 60 km depth, and very likely until more than 80 km. Note, that the original

structures appeared again after the inversion was started over again, and that the same results were

observed using constrained inversions.

For the resistive block beneath the Precordillera, similarsynthetic models were calculated in

order to test its extension in depth, but changes in its vertical extension are strongly affecting the

responses in apparent resistivity and phase of the westernmost stations (e.g. MOR, CNE and PAC),

and therefore this feature seems to extend also through the Moho. Another explanation points to

the presence of two resistive zones, one extending in the continental crust, above the other which is

extending under the Moho. A comparison between the responseof such a model and the measured

data can be seen in the figure5.8.
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Figure 5.8: Comparison between measured data (dots) and model responses (lines) for station
CNE, located in the Domeyko Cordillera, for a forward model based on the 2D inversion result
shown in figure5.4 B, with the highly resistive zone at the western border divided in two parts.
Note the larger misfit observed for the TM curve compared withthe response of the 2D inversion
for the same station, shown in figure5.5

Even when the apparent resistivity curve for the TM mode in the previous result is shifted with

respect to the measured data, the tipper values and particularly the phases present a good fitting

with the measured data and therefore, the idea of two different resistive zones producing this large
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Chapter 5. Inversions and Models

anomaly in this part of the profile will be considered in the interpretation of this model.

The main features present in the 2D inversion are consistentwith some of the major geological

features in the area. The presence of a resistive zone in the western side of the Salar de Atacama

basin and the good conductor representing this basin itself, a relatively conductive zone under the

volcanic arc, and a larger and deeper highly conductive zonebeneath the Puna is present in the

data, and are not artifacts produced by the inversion process. All these features of the 2D inversion

result will be analyzed and interpreted in the following chapter.

5.2 3D forward modeling

The 3D forward model calculation implemented in the WinGLink software package (version

2.20.02), uses the MT3FWD code written by Randy Mackie. Developed in 1999, MT3FWD is a

program to compute magnetic and electric fields at the surface of a 3D electrical resistivity model

illuminated by electromagnetic plane waves. It is a modifiedversion of D3MTFWD2 released by

Mackie and Madden in 1997. The MT 3D modeling algorithm uses the integral form of Maxwell’s

equations to derive a finite difference, second order approximation for the magnetic field. Non-

divergence of the magnetic field is enforced by evaluating the magnetic and electric fields on

grids that are staggered relative to one another. The resulting linear system is solved by precondi-

tioned conjugate gradient relaxation. Convergence is considerably enhanced by explicit correction

of residual failure of the non-divergence condition. The algorithm is discussed inMackie et al.

(1994).

The program assumes that 2D structure parallel to each edge continues uniformly to infinity in

the direction normal to the edge. The tangential magnetic fields are assigned using 2D calculations

for each edge. The edges parallel to the source magnetic fieldwill have electric currents flowing

normal to them and thus TE mode calculations are done. The edges perpendicular to the source

magnetic field will have currents flowing parallel to them. Inthese cases, the tangential magnetic

fields are zero. Relaxation is faster if a good estimate of the solution is provided at the start. The

program interpolates the vertical boundary fields to form the initial guess in a way that the fields

should already be a solution to the interior fields if the model is 2D rather than 3D.

3D forward modeling was performed with the AMT data obtainedfor the closest sites around

the Lascar volcano, trying to find the synthetic model which fits the best with the real data set that

has been measured.

The first steps to develop a 3D forward model are related with the definition of the grid in 3D.

The parameters that control the size of the grid and each cellof the grid are the following:

- Determination of the area of interest and the horizontal cell size (500m x 500m).
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5.2. 3D forward modeling

- Determination of the initial rho value (100Ωm).

- Number of air layers above the ground level (value used: 10).

- Determination of the vertical spacing, which is given by the vertical size of the first cell (100 m)

and a vertical factor that controls how the cells are becoming larger with depth (value used: 1.35).

- Determination of the padding value, which indicates how are the cells growing horizontally, in

the x and y directions (value used: 1,7).

Considering the previous values of cell size and padding factor the study area is discretized, with

a central part of the grid just where a ring of AMT stations wasplaced around Lascar. From this

central part, with approx. 20 x 20 km2, the cells are becoming larger in the E-W and N-S direc-

tions, as can be seen in figure5.9.
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Figure 5.9: Discretization of the study area around Lascar,for the development of a 3D forward
model. Central part of the grid (approx. 20 x 20 km2) with a cell size of 500 m x 500 m in the
horizontal directions and 100 m in depth for the first layer.

In the first stages of the 3D modeling, different scenarios were tested, in order to see the effect

of the topography in the model responses and the hypothetical presence of a magma chamber.
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Chapter 5. Inversions and Models

5.2.1 The effect of different scenarios around a measuring point

The effect of 1D or 2D scenarios in magnetotellurics was shown in theData processing and

analysischapter. The following examples illustrate the behavior ofthe magnetotelluric response

in presence of some simple cases of 3D inhomogeneities, analyzing the behavior of apparent re-

sistivity, phase and induction vectors.

Figure 5.10: Effect of a conductive anomaly with distance. Conductive block of 1.5 km x 3 km
x 1 km and resistivity of 1Ωm, placed between 500 and 1500 m depth. Results according to the
positions shown in A, B and C. Yellow star represents the measuring site. Induction vectors are
small and point E-W; therefore they are badly visible.
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5.2. 3D forward modeling

The grid used for these tests has a smallest cell size of 500 m x500 m in the horizontal direc-

tions, and 100 m in the vertical direction in the central partof the grid, and becoming gradually

larger outside this central part and with depth. The first test shown here (fig.5.10) deals with the

effect of distance between the measuring point and an anomaly.

The effect of an anomaly closer to the station can be clearly noticed in the previous figure, as

the fields induced by the anomaly are stronger as closer to thestation they are. The same happens

when the same anomaly is placed not between 500 m and 1500 m depth, but between 2000 m and

3000 m, as the presence of such an anomaly at those depths becomes slightly detectable analyzing

the same parameters.

Now, the effect of the relative position between station andanomaly will be analyzed.

The results shown in figure5.11give a clear example of how important is the relative position

between the anomaly and the measuring point. Comparing situations A and B, one may notice

exactly the same behavior in the apparent resistivities andphases, but with one very important

exception: The xy and yx components are exchanged, which canbe explained regarding the rota-

tional symmetry of this situation, analogous to a 90◦ rotation of the impedance tensor. Therefore,

the induction vectors, depending on the horizontal and vertical components of the magnetic field,

are showing the same magnitude but in a perpendicular direction.

More interesting remarks can be inferred from situations B and C, as in this case the same

conductive block is located to the N and S of the station. Analyzing the apparent resistivities and

phases it is not possible to find any difference, because the magnitudes of the different components

of the electric and magnetic field observed in the station arethe same, but with the opposite direc-

tions, and therefore obtaining the same impedance tensor. Aclear difference can only be found

analyzing the induction vectors, which are showing the samemagnitudes but opposite directions,

obtained by the opposite signs of the vertical magnetic fieldcomponents in cases B and C. Situa-

tion D is also a special case, because if one only takes into account the apparent resistivities and

phases, and due to the symmetry of the modeled block, it seemslike the result of a 1D situation,

as the curves of apparent resistivities and phases for both polarization modes shown here, are be-

having in the same way for every period. Again the induction vectors are giving an important hint,

indicating an increase in conductivity to the SE of the station, and therefore discarding the 1D case.
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Chapter 5. Inversions and Models

Figure 5.11: Effect of the relative position between anomaly and station. Conductive block of
approx. 4 km x 4 km x 1 km and resistivity of 1Ωm, placed between 500 and 1500 m depth.
Results according to the positions shown in A, B, C and D. Yellowstar represents the measuring
site.

Another test consists of checking the effect of a conductivezone placed to the E of the mea-

suring point and extending until different depths, or presenting different resistivities. In case A

of figure5.12the curves shown are the response of a conductive zone of 1Ωm starting at 500 m

depth and extending until 1500 m. The effect observed can be compared with the results of case

B, in which the conductive zone of 1Ωm is extending until 10 km depth, becoming clear that this
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5.2. 3D forward modeling

change in the extent of the conductive zone can be much more clearly noticed in one component

of the impedance tensor (yx in this case) than in the other (xyin this case). Comparing now cases

B and C, in which the conductive zone is the same as in case B, but with a resistivity of 10Ωm, the

other component (xy in this case) is now exposing more clearly the differences of both cases. If

such anomalies were placed at larger depths, the comparisonwould be much more difficult, as the

differences of the obtained results would be much slighter,due to the continuous loss of resolution

when increasing depth.

Figure 5.12: Effect of a different depth extension and resistivity contrast. Conductive block of
approx. 4 km x 4 km horizontal area. Case (A) resistivity of 1Ωm, placed between 500 and
1500 m depth, case (B) resistivity of 1Ωm, placed between 500 and 10000 m depth, and case (C)
resistivity of 10Ωm, placed between 500 and 10000 m depth. Yellow star represents the measuring
site.
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Chapter 5. Inversions and Models

5.2.2 Topographic effect

For a real consideration of the topographic effect in magnetotelluric measurements in this re-

gion, a 3D model was developed considering that everything below the surface has the same resis-

tivity (100 Ωm), so the only parameter which can influence the measurements is the topography.

This was done considering the same measurement points in which the real data was measured.

Figure 5.13: 3D model for the topographic effect estimation. View from the south, Lascar and
Aguas Calientes volcanoes.

With this model considering a half-space of 100Ωm, the effect of the topography for some of

the sites for apparent resistivity, phase and induction vectors can be compared with the measured

data, as shown in figure5.14.
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Figure 5.14: Real data and topographic effect shown as apparent resistivity curves, phase curves
and induction vectors for sites L01 and L08. For the curves, dotted lines are real data and contin-
uous lines are modeled data. Cell size of the central part of the model is 500 m x 500 m x 100
m.

These two sites where chosen to represent the behavior of thetopographic effect in sites placed

at different distances from the volcanic edifice, as L08 is located at the south-eastern slope, and

L01 is placed at∼4 km to the west of it. For these sites and also the others, the induction vectors

point away from the main topographic highs, as they are conductive bodies compared with the

air. This can be shown particularly for site L08, in which theinduction vectors obtained from the

model are stronger than in the other sites, because of its closer position to Lascar volcano, and are

showing the same trend as the measured data for the shorter periods until almost 1 s. It can be seen

also an effect in the apparent resistivity curves, which forperiods larger than10−1 or 10−2 s, start

to distance from the real value of 100Ωm, going up or down some tens ofΩm depending on the

position and the proximity to the main highs.

Due to the memory capacity of the computer in which these models were made, the smallest
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cell size, in the central part of the model, was 500 m in the E-Wand N-S directions, and 100 m

in depth. A second model was made, reducing the cell size to 100 m x 100 m x 100 m in the

central part of the model, but also the size of the central part was reduced, considering only the

Lascar volcano area with a small cell size. Smaller cell sizes were not possible to achieve with the

memory capacity of a currently normal computer (2 GB). Figure5.15presents the results of this

model for the same stations shown previously in figure5.14.
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Figure 5.15: Real data and topographic effect shown as apparent resistivity curves, phase curves
and induction vectors for sites L01 and L08. For the curves, dotted lines are measured data and
continuous lines are modeled data. Cell size of the central part of the model is 100 m x 100 m x
100 m. Note that, as in the previous case, model responses have not much similarity with data, so
additional structures are necessary

A finer grid can represent better the topography of this region, and therefore is giving a better

estimation of the influence of this topography in the measured data. This can be observed partic-

ularly for the induction vectors in site L08, which are showing a slightly better fitting than in the
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previous results using a larger cell size. Even when a smaller cell size gives slightly better results,

the use of this cell size leads to the use of a smaller central part of the grid (due to computer capac-

ity restrictions) giving more influence to Lascar volcano and subtracting it from other topographic

highs in the zone, which are closer to other stations.

Hence, it is possible to infer from the previous results thatthe topographic effect plays a

stronger role for the sites very close to the topographic highs, for example site L08, but even

in this case its influence is not enough to explain the behavior of the apparent resistivities, phases

and induction vectors for periods larger than 1 s.

5.2.3 Modeling the conductivity structure beneath the volcano

From the first analysis of the AMT data measured around Lascarvolcano, it becomes clear that

some conductive heterogeneities are needed in the model beneath the vicinity of the volcano, in or-

der to fit the measured data. The shape, extension and resistivity of these bodies will be restricted

comparing in every case the response of these models, with the measured apparent resistivities,

phases and induction vectors.

Some features were added to the starting model, in order to include some important character-

istics of the study zone. The Salar de Atacama basin was set asa very conductive zone (1Ωm)

reaching depths of∼1 km. Some kilometers beneath the Salar de Atacama, a resistive block was

placed (1000Ωm), extending between 10 and 60 km beneath the surface, emulating the presence

of the Atacama Block (Schurr and Rietbrock, 2004). However, these features prove to be not re-

ally essential after some tests, as they are located relatively far from the volcano and most of the

stations, and therefore not included in the last tests.

No difference in conductivity between crust and mantle was assumed in these models, as no

clear difference have been seen in the LMT inversions. The first attempts were focused on deter-

mining the presence of a conductive zone beneath the volcanic edifice. One of these first attempts

is presented in figure5.16.

Checking the fit of the first forward modeling attempts (as in figure 5.17) in which just one

conductive block was placed directly under the volcano, it seems clear that such a feature can not

explain the observed data, at least not by itself, but this could be because of the particular shape,

extension or resistivity present in these models. Therefore, several models including conductive

zones beneath the volcano at different depths, with different sizes, shapes and resistivities were

tested (e.g. figure5.18), obtaining in all the cases a very poor fit.
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Figure 5.16: 3D model including a main conductive zone belowLascar volcano.
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Figure 5.17: Comparison between measured data and model response for 3 sites around Lascar
for the model shown in figure5.16. Continuous lines and blue arrows represent the modeled data.
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5.2. 3D forward modeling

Figure 5.18: Examples of different modeling attempts with aunique conductive zone beneath the
volcano. In these examples the red zones are representing a resistivity of 1Ωm, green of 100Ωm
and blue of 800Ωm.

A more complicated scenario is needed in order to fit the measured data all around the volcano.

More than one highly conductive body in the proximity of the volcano is necessary, and now the

question is related with the location, geometry and how conductive are these bodies in the sub-

surface. In order to find a solution to this problem, the phasetensor analysis could give some

good hints, by analyzing the phase tensor ellipses calculated for the measured data, shown in the

previous chapter.

One very interesting feature regarding the phase tensor ellipses, was shown in figure4.14. For

periods between 1 s and 5 s, only the sites to the S-SE of the volcano show a high value ofΦ2,

indicating an increase of conductivity with depth, which isnot the case for the stations to the N or

the W of the volcano. The value ofΦ2 continues decreasing with period, and for 8 s, only station

9 has a high value ofΦ2, and for 10 s all the stations show low values. For the same period range,

the induction vectors are also indicating the presence of a conductive zone in the same place, as

shown in figure4.3.
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Following this result, conductive zones not just under the volcano, but also to the S and/or SE

were added to the 3D models to improve the fit. Another featureadded to the 3D model, placed

in the NW flank of the volcano, was a relatively conductive layer (10Ωm) which extends between

300 and 600 meters below the surface. Several models were tested including these features, trying

to define the shape and the depths of each zone, and how these changes influenced each station. In

figure5.19it is shown one of these models, the fitting for 9 stations is shown in figure5.21.

In figure5.19a good conductor was placed to the S of the volcano, reaching depths of∼ 25 km.

Several models were tested in order to determine the shape, extension and depth of this conductive

zone, and how this changes affect the fitting between the modeled and real data. Models with one

single conductive zone to the south of the volcano were tested, but the results for the southern

stations (L07, L08, L09 and L12) were improved by the inclusion of 2 conductive zones, a smaller

one directly to the south of the volcano beneath stations L07and L08, and a second and larger one,

which is located∼5 km to the S of the first one. These two conductive zones may be connected at

shallow depths, and the depth range for each of this conductive zones will be discussed later.

Another feature which was added during the modeling processwas a resistive zone located

to the W of site L04. This resistive zone, extending in depth until 6-7 km, can be related with a

similar feature present in the 2D inversion for the LMT profile, and geologically can be explained

by intrusive bodies seen in that zone in the Cuyuguas and Allana hills, related with the southern

Cas and Peine formations (Breitkreuz and Zeil, 1994).

Figure 5.19: 3D model including a conductive zone extendingto the S of Lascar. This model
includes the Atacama Block and the Salar de Atacama, which arerelatively far from the central
part of the grid.
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5.2. 3D forward modeling

Figure 5.20: 3D view from the southeast of the model shown in figure5.19. The segmented line
in image A is marking the zone shown in image B. In this figure only the conductive zones (<30
Ωm) and resistive zones (> 1000Ωm) are shown. A conductive zone of 1-5Ωm to the southeast of
the volcano is extending 12 km in depth close to it and 25 km in depth further to the south. S-A is
the Salar de Atacama, modeled as a thin conductive zone of∼1 Ωm. A-B is the Atacama block,
modeled as a resistive zone starting at 5 km beneath the Salarde Atacama and extending 60 km in
depth. No vertical exaggeration.
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Figure 5.21: Comparison between measured data and the response of the model shown in figure
5.19and for 9 sites around Lascar volcano. Main diagonal elements are not considered here as
they are rather noisy and difficult to fit (comes from p.78).

The first models included the Atacama Block, proposed bySchurr and Rietbrock(2004), but as

it was already mentioned, its presence was not essential forthe data fit, and therefore not included

in the following tests.

In early 2010, 3 new AMT sites were measured around Lascar volcano (stations L14, L15 and

L16), specifically in the southeastern side, achieving a better coverage in the area where a conduc-

tive zone was inferred by the forward models computed with the previously measured data. New

models were calculated including these 3 new constraining points, obtaining models as the one

depicted in figures5.22, 5.23and5.24.

In this model the resistive block at the eastern border of theSalar de Atacama was also con-

sidered. The new data is also in good agreement with the models including a conductive zone

extending to the southeast of the volcano, even when some small features were added to the model

in order to improve the fit in the new stations. The new data available, particularly from site L15 is

giving new hints indicating the presence of a conductive zone close to this station, as the induction

vectors are much weaker in this station than in the other stations in the surroundings.
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Figure 5.22: 3D model including a conductive zone extendingto the S of Lascar. This model
includes the data from 3 new stations measured in early 2010.
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Figure 5.23: 3D view of the model shown in figure5.22. The segmented line in this image is
marking the zone shown in figure5.24. In this figure only the conductive zones (<30Ωm) and
resistive zones (> 1000Ωm) are shown. Note the presence of the resistive block at the eastern
border of the Salar de Atacama reaching 10 km depth. The conductive zone of 1-5Ωm to the
southeast of the volcano is shown in detail in figure5.24
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Figure 5.24: Detailed view of the model shown in figure5.23. In this figure only the conductive
zones (<30Ωm) and resistive zones (> 1000Ωm) are shown. A conductive zone of 1-5Ωm to the
southeast of the volcano is extending 12 km in depth close to it and 25 km further to the south. No
vertical exaggeration.
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Figure 5.25: Comparison between measured data and the response of the model shown in figure
5.22and5.24for 9 sites around Lascar volcano (comes from p.81).
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Another important feature included at this stage in the 3D forward models was related to the

behavior of the induction vectors for periods between 100 - 1000 s, requiring the presence of a

highly conductive zone to the E-NE and between 10 and 70 km depth, which can be seen in the

model shown in figure5.27. The horizontal extension of this highly conductive zone could not

be completely defined, because of the relatively small size of the grid used for these 3D forward

models, which is concentrated in the volcanic edifice and itssurroundings. This feature should be

related with the highly conductive zone obtained beneath the Puna in the 2D inversion results.

Several attempts were carried out in order to constrain the conductive zone to the S-SE of the

volcano, and defining the minimum depth extension needed to fit the measured data. Models in-

cluding a conductive zone reaching∼6 km beneath the surface seem to be enough.

By the end of this work, more than 250 models were constructed in order to test different con-

ductive or resistive features present in this area, being the model represented in figures5.26and

5.27the best fitted (regarding all the stations around the volcano, and particularly induction vec-

tors), and therefore considered as the resulting model of the 3D forward modeling with AMT data

around Lascar volcano.

These results will be analyzed and compared with other geophysical and geological data ob-

tained for this zone in chapter6, in order to check the possible sources that could be producing

conductive structures as the ones obtained for the best fitted models.

Figure 5.26: 3D model including a conductive zone extendingto the S of Lascar, plain view at 2
km depth. Depth extension of the conductive structure reaching 6 km beneath the surface.
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Figure 5.27: 3D view from the southeast of the model shown in figure5.26. The segmented line
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Figure 5.28: Comparison between measured data and the response of the model shown in figure
5.26and5.27for 9 sites around Lascar volcano (comes from p.85).

5.3 3D inversion of AMT data

Another tool available in the search for a model which can fit the measured data, is the 3D

inversion program implemented by W. Siripunvaraporn. WSINV3DMT (Siripunvaraporn et al.,

2005) is a 3D inversion program extended and implemented from the2D data space Occam’s

inversion (Siripunvaraporn and Egbert, 2000), seeking the minimum structure model subject to an

appropriate fit to the data. The difficulties associated withthe use of Occam’s approach to 3D MT

inversion, due to the size of the model parameter M, can be overcome with a data-space approach,

where matrix dimensions depend on the size of the data set N, rather than M. As in general N<<M

for MT data, as discussed inSiripunvaraporn and Egbert(2000), the transformation of the inverse

problem to the data-space can significantly improve the computational efficiency, making the 3D

inversion practical for normal PC’s. In Occam’s inversion, the “smoothest ” model, subject to an

appropriate fit to the data is achieved by finding stationary points of an unconstrained functional

U(m,λ):

U(m,λ) = (m−m0)
TCm

−1(m−m0) + λ−1
{
(d− F [m])TCd

−1(d− F [m])−X∗

2
}
(5.6)
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5.3. 3D inversion of AMT data

wherem is the resistivity model,m0 the prior model,Cm the model covariance matrix,d the

observed data,F [m] the model response,Cd the data covariance matrix,X∗ the desired level of

misfit, andλ−1 a Lagrange multiplier. To find the stationary points of5.6, the penalty function

Wλ(m) should be differentiated with respect tom. Where the penalty function is given by:

Wλ(m) = (m−m0)
TCm

−1(m−m0) + λ−1
{
(d− F [m])TCd

−1(d− F [m])
}

(5.7)

Whenλ is fixed , bothU andWλ have the same stationary points. By minimizingWλ with a

series ofλ, the stationary points ofU can be obtained.

Because of the non-linearity of the MT inverse problem, an iterative approach is required,

based on linearizingF [m],

F [mk+1] = F [mk +∆m] = F [mk] + Jk(mk+1 −mk) (5.8)

Here, the subscriptk denotes the iteration number, andJk = (∂F/∂m)k is the NxM sensitivity

matrix calculated atmk. Substituting equation5.8in Wλ(m), and finding the stationary points, we

obtain a series of iterative approximate solutions:

mk+1(λ) = λ[Cm
−1 + Γk

m]−1Jk
TCd

−1Xk +m0 (5.9)

where,Xk = d − F [mk] + Jk(mk − m0), and the “model-space cross product” matrixΓk
m =

Jk
TCd

−1Jk is a MxM positive semi-definite symmetric matrix. In order tofind the stationary

points of equation5.6, in each iteration equation5.9 is computed with a series of trial values of

λ. The goal of iterations in the early stages is to bring the misfit down to the target levelX∗

2,

and once the misfit reaches the desired level, the model of smallest norm which keep that misfit is

sought using different values ofλ.

As shown inSiripunvaraporn et al.(2005), the solution for iterationk can be expressed as a

linear combination of rows of the smoothed sensitivity matrix CmJ
T :

mk+1 −m0 = CmJk
Tβk+1 (5.10)

Whereβk+1 is an unknown expansion coefficient vector of the basis functions [CmJk
T ]j; j =

1...N . Substituting equation5.10into a linearized form of equation5.7, and solving for its station-

ary points, it is possible to obtain a series of iterative solutions:

βk+1 = [λCd + Γk
n]−1Xk (5.11)

with Γk
n = JkCmJk

T the NxN “data-space cross product”. As well as with the standard model-

space Occam’s inversion, it is possible to solveβk+1 using equations5.11, update the model and

then compute the misfit, all of these calculations with various values ofλ. The main difference
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of solving the problem with the “model-space cross product”or the “data-space cross product” is

that the dimension of the system of equations to be solved canbe significantly reduced using the

second one.

In order to efficiently use the WSINV3DMT inversion program, and following the recommen-

dations given by its authors, a subset of the data was chosen,excluding sites with poor data quality

and selecting only 3 periods per decade, reducing the size ofthe data (N) and therefore the CPU

time of the inversion. The size of the model (M) was given by the discretization of the area of

interest around the Lascar volcano, with a cell size of 1000 mx 1000 m x 250 m in the x, y and z

directions respectively. This grid is rougher as the one used for the 3D forward modeling, but with

finer grids the program was unable to run on a 2 GB RAM computer. This discretization does not

include topography, because the inversion of a model with topography was not implemented in the

current version of the program used.

Several inversions with different parameters were calculated, leading to fix the parameters con-

trolling the inversion at the following values:

- Error floor of the data: 10 %

- Initial model (m0 in equation5.6) was considered as an homogeneous halfspace of 100Ωm.

- Target RMS (X∗

2 in equation5.6): 1

- Model lenght scale, which controls the model covariance (Cm in equation5.6): Time step (τ ) =

10,δ = 0.1 in the three directions.

- Lagrange information (λ in equation5.6): Startingλ = 1, step size (inlog10 scale) = 0.5

The 3D inversion program used, tries to fit the measured data by comparing it with the complete

impedance tensor of the models produced. However, no inversion for geomagnetic transfer func-

tions is implemented in this inversion program. In order to properly compare the results obtained

from the 3D inversion program and the ones obtained from the forward modeling, the calculation

and comparison of modeled and measured induction vectors isneeded. Both, this problem and

the lack of topography were solved using WinGlink. The half-space model was imported, placing

above it a discretized topography and making a forward modeling, obtaining the necessary files for

the calculation and comparison of impedance tensor and tipper.

The result of this 3D inversion, shown in figure5.29, is showing as in the previously developed

forward modeling, a highly conductive zone placed just under Lascar volcano, but only for shallow

depths (less than 2 km under the surface). For larger depths (2 - 8 km), there is a conductive zone

placed to the S-E of the volcano and elongated to the S. The comparison of apparent resistivity and

phase of the off-diagonal elements of the impedance tensor,together with the induction vectors for

measured and modeled data is shown in figure5.30. Around Lascar volcano, the apparent resistiv-

ities and phases are showing a good fit, as can be seen for sitesL01, L03 or L08, even when these

last two are showing some shift in the apparent resistivity curves.
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5.3. 3D inversion of AMT data

Figure 5.29: Result of a 3D inversion with AMT data around Lascar volcano. Red indicates
conductive zones (∼1Ωm), green, intermediate zones (∼100Ωm) and blue, resistive zones (∼1000
Ωm). The altitude of these plan sections is indicated in the top left corner of each image (consider
that the surface is at∼4000 m).

The same is observed for the sites placed at larger distancesfrom the volcano, as L09 and

L12, for which the fitting between the obtained curves and thecurves from the measured data is

quite good. However, by comparing the induction vectors obtained from the 3D inversion and the

measured ones, they coincide only for some sites, as L12, andfor the sites close to the volcanic

edifice, as L08, the modeled induction vectors are representing a different scenario as the measured

ones. This result was expected as the 3D inversion routine used for this work is not trying to fit the

tipper data, but only the impedance tensor of the measured data. Some stations (e.g. L03) were

affected by static shift, produced by the presence of conductive anomalies close to the surface or

due to the effect of the topography. The inclusion of topography in inversion routines could help to

better estimate the static shift effect expected at each station, and try to define whether this effect

comes from the topography or from heterogeneities in the shallow subsurface.

89



Chapter 5. Inversions and Models

Figure 5.30: Apparent resistivity and phase of the off-diagonal elements of the impedance tensor,
together with the induction vectors for measured and modeled data for six different sites around
Lascar.
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Nevertheless, the obtained 3D model gives some hints about the conductivity structure around

the volcano, even though it does not fit the complete data set.The conductive structures present in

this inversion are placed in very similar places as the structures modeled with the forward modeling

tool, also to the southeast of the volcano, and extending in almost the same depth range, even when

the shape of this structures is different. Again, no large conductive zones extending until 5 or 10

km in depth were obtained directly beneath the volcanic edifice.
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Chapter 6

Interpretation of the measured data

In order to have a more complete interpretation of the data, the next step in this study will be

to join the models and results obtained from the magnetotelluric data and its implications with the

geological and geophysical background for the study area, exposed in the previous chapters.

6.1 3D modeling results around Lascar volcano

During the modeling and inversion of the magnetotelluric data collected around Lascar vol-

cano, some features were obtained, being necessary for the achievement of a good data fit. These

features are the following:

- Resistive block to the W of the volcanic arc, close to stationL04.

- Shallow conductors beneath the volcano and its surroundings, Especially close to stations L01

and L03 (around 10Ωm).

- Deep conductive structure extending from the volcano to the SE, and deeper in the southern ex-

treme of this zone.

The occurrence of a resistive body to the west of station L04 is supported by the induction

vectors calculated for the AMT stations. For periods between 0.0625 s and 11 s, stations L04 and

L05 show very strong induction vectors in opposite directions (see figure6.1), clearly away from

the trend of all the other stations, which show much weaker induction vectors.
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6.1. 3D modeling results around Lascar volcano

Figure 6.1: Induction vectors at four different periods between 0.0625 s (16 Hz) and 11 s.

The presence of a resistive block in this part of the profile could be related to the intrusive

bodies of Cenozoic age in the zone, between the Cuyugas and Allana hills, as shown in figure6.2.

These intrusive outcrops, covered by volcano-sedimentarysequences of Permo-Triassic age can be

just the upper part of an intrusive system that extends for some kilometers into the crust.
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Chapter 6. Interpretation of the measured data

Figure 6.2: Geology of Cuyugas and Allana hills, and its position relative to the AMT sites.
Geology extracted fromBreitkreuz and Zeil(1994).

Figure 6.3: Isostatic residual gravity fromGötze et al.(1994), showing a gravity high to the
north-west, east and south of the Salar de Atacama basin. Salar de Atacama as well as the 3500
m elevation contour line is drawn here for orientation. Edited image extracted fromSchurr and
Rietbrock(2004).
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6.1. 3D modeling results around Lascar volcano

This resistive block at the eastern side of the Salar de Atacama basin, together with the re-

sistive zone observed in the LMT profile between stations PEIand SOP (shown in figure5.30),

south-east of the same basin, are related to a local high in the gravity field observed around the

Salar de Atacama, shown in figure6.3. Götze et al.(1994) speculate that large amounts of mafic

intrusives from an Ordovician subduction zone might be responsible for the gravity anomaly, while

Schurr and Rietbrock(2004) relate this anomaly with the high-pressure, low-temperature Permian

metamorphic rocks that crop out in the Sierra de Limon Verde,close to Calama, where the high

gravity zone continues to the northwest.

In order to analyze the conductive properties of the shallower layers, it is important to refer

to the surface geology which characterizes the zone around this profile. Lascar volcano stands

principally on magmatic and volcano sedimentary rocks of Paleozoic age and sedimentary rocks

of Tertiary age (Ramírez and Gardeweg, 1982). Miocene to Pliocene volcanism has produced

lavas and domes (andesitic, dacitic and rhyolitic) and someimportant ignimbrites (Pliocene) that

have covered the Paleozoic and Tertiary deposits referred above. Concentrating in the zone around

Lascar volcano, it is characterized by volcanic units deposited since the Pliocene (units Q3l, Q3t,

P3l, P3t in figure6.4), with the presence of Miocene domes to the east (unit Ms3l infigure 6.4)

associated with La Pacana Caldera. To the west and south west of the volcano, sedimentary and

volcano sedimentary units of Paleozoic (Carboniferous-Permian) age can be identified (unit CP2

in figure 6.4), and also a magmatic and volcanic unit of Permian-Triasic age (unit Ptrg in figure

6.4).

Figure 6.4: Extract from the Geological Map of Chile 1:1.000.000 (SERNAGEOMIN, 2002).
Units P3l, P3t, Q3l and Q3t are ignimbrites and volcanic units from Pliocene and Quaternary ages;
Ms3l are domes of Miocene age and CP2 and Ptrg are Paleozoic volcanic and volcano sedimentary
units.
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Chapter 6. Interpretation of the measured data

Most of the volcano sedimentary units near the surface were modeled with resistivity values

between 100 and 500Ωm, with higher values in the volcanic edifice, reaching 800Ωm. In places

where sedimentary basins are present, as the Salar de Aguas Calientes (close to station L10 and

L11) the surface resistivity obtained from the models is much smaller, reaching 1-10Ωm in the

first hundred meters. The situation in the north-western side of the volcano is different, because the

relatively conductive zones present in this part of the models are not extending from the surface,

but between 300 and 800 m in depth, with resistivities of 10Ωm, which could be related with the

presence of an hydrothermal system in this area and hot watersprings to the north of the volcano.

Figure 6.5: Some of the main faults present around Lascar volcano. In blue, the Olacapato -
El Toro fault system inferred fromMatteini et al.(2002a), and the Puntas Negras volcanic chain
related to it (Matteini et al., 2002a,b). In green, the Miscanti Fault system and its northward
prolongation (Aron et al.(2008); González et al.(2009) and F. Aguilera, pers. comm.). The main
volcanic centers are named as follows. S: Saltar, La: Lascar, A: Aguas Calientes, C: Corona, T:
Tumisa, O: Overo, L: Lejía, Ch: Chiliques, M: Miscanti, Mi: Miñiques. Red squares represent the
AMT stations.
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6.1. 3D modeling results around Lascar volcano

An explanation for these shallow conductive zones is related with the presence of the Olacapato

- El Toro fault system (OTF, also known as Calama - Olacapato - El Toro (Matteini et al., 2002a;

Petrinovic et al., 2005)). The OTF, one of the most extensive lineaments in the Central Andes, is a

left-lateral transcurrent fault system running approximately 700 km from the Pacific coast of Chile

to the Eastern Cordillera in NW Argentina (Salfity, 1985; Marret et al., 1994). This lineament, as

others present in this part of the Andes (e.g. Archibarca-Galán, Culampaja-Farallón Negro) co-

incide with southeastward-trending volcanic breakouts from the main arc, suggesting a structural

control on Miocene magmatism. Such is the case of the Puntas Negras volcanic center, and the

Aguas Calientes and Negra Muerta calderas, further to the SE in the Argentinian Puna and also

related to the Olacapato-El Toro fault zone (Petrinovic et al., 2005; Riller et al., 2001). The spatial

coincidence of transverse volcanic ranges with these faultzones points to a genetic relationship

between faulting and caldera formation. However, clear structural field evidence for a kinematic

link between prominent faults and volcano-tectonic structures is sparse as most of the calderas’

substrates, which would potentially host such structures,are obscured by erupted material (Riller

et al., 2001).

The presence of this fault system around Lascar volcano, obscured in this zone by volcanic

or other superficial deposits, could play an important role in the enhancement of conductivity at

shallow levels, in the emplacement of magma beneath this currently active volcanic center, or even

in the ascent of magma through the volcano.

Another fault system which is playing an important role in the emplacements or ascent of mag-

mas is the Miscanti fault system, which represents the easternmost expression of the fold and thrust

belt system (Aron et al., 2008). The emplacement of relatively old volcanic centers, as the cerros

Corona and Saltar, seem to have been controlled by this fault system (Donoso et al., 2005), as

well as young volcanic centers (Lejia, Lascar) which are located very close to the fault or in N-S

lineaments parallel to this fault (e.g Miñiques, Miscanti,Chiliques and Overo). The coincidence

between the Miscanti fault and the western border of the conductive zone obtained from the 3D

forward modeling is interesting considering the possible interpretation of this conductive zone as

a magmatic reservoir, trapped at shallow crustal levels by N-S and NW-SE fault systems in a com-

pressive environment, and reaching the surface as volcanoes or parasitic structures guided by the

same faults.

Several test were carried out in order to constrain the depths between which the high conductiv-

ity zone to the S-SE of the volcano should be placed in order tofit our data. As it was shown in the

previous chapter, the electromagnetic response measured at a station depends not only on the size

of the anomalous body, but also on its resistivity, shape andrelative position. Analyzing the results

of one of the best fitted models obtained (fig.5.26), the depth extension of the highly conductive

anomaly to the S-SE of the volcano is reaching∼6 km in its deeper part, beneath stations L09, L12

and L15, corresponding to one of the models with the smallestdepth extension for the conductive

zone. The association of a conductive zone at this depth withthe presence of magma in this area as

a reservoir for Lascar volcano, is supported by the results of geochemical and petrological studies.
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Chapter 6. Interpretation of the measured data

This conductive structure is located along a N-S trend, between Lascar and Chiliques volca-

noes. As it was shown in the introduction of this work, Lascarvolcano presented a strong activity

during the 1990’s, including the large explosive eruption of April 1993. However, no evidence of a

magma deposit could be obtained from different measurements carried out in this area, particularly

in seismic studies, e.g.Hellweg(1999a,b, 2000). According to these measurements and analysis,

the harmonic tremors measured in this volcano should be produced by the movement of water or

gases, not magma, and they should be generated near the surface (close to atmospheric pressure),

probably in the active crater. But even when these results arenot pointing directly to the presence

of a magmat deposit, the phenomena producing the measured effects, hydrothermal systems and

high pressure gases, need a heat source.

Figure 6.6: View from the SE of the volcanic centers in this area. From the 3D forward modeling,
3 main conductive zones can be identified: zone A, extending from the base of Lascar volcano
some hundreds of meters in depth; zone B, covering a wide area and extending to the SE of Lascar,
between 1 and 3 km beneath the surface; and zone C, which is at the southern extreme of zone B,
but reaching larger depths and resistivities of∼1Ωm.

Other volcanic centers in this area, as Chiliques volcano, present several youthful lava flows,

some of which are considered to be of Holocene age. This volcano had previously been considered

to be dormant, however, in 2002 a NASA nighttime thermal infrared satellite image from the Ad-

vanced Spaceborne Thermal Emission and Reflection Radiometer(ASTER) showed low-level hot
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6.1. 3D modeling results around Lascar volcano

spots in the summit crater and upper flanks, while the examination of an earlier nighttime thermal

infrared image (May, 2000), showed no such hot spots. The most recent activity in the vicinity of

Chiliques volcano may have been the eruption that formed the Overo hill, a young maar of 600 m

in diameter, erupted along a regional fault, which producedthe least silicic youthful volcanic rocks

found in this part of the Central Andes (de Silva and Francis, 1991).

Following the results obtained from the 3D modeling, the conductive zone to the SE of Lascar

volcano can be divided in two zones, one extending immediately to the S-SE of the volcano, and

to the south for 10 km, with a depth extension between 1 and 2–3km below the surface and a

resistivity of∼5 Ωm. This conductive zone, marked as B in figure6.6 is shallower and less con-

ductive than its southern continuation, the zone A in figure6.6, with a resistivity around 1Ωm and

reaching depths of 7–10 km.

Petrological and geochemical experiments were performed in the Institut of Mineralogy of the

Leibniz Universität Hannover and in the Geochemistry Department of the Geowissenschaftliches

Zentrum Göttingen, with rock probes from different eruptive episodes of Lascar volcano. Based on

the measured composition of two main minerals, clinopyroxene and orthopyroxene using an elec-

tron microprobe and applying the results to the model ofPutirka(2008), the formation conditions

for the volcanic rocks of different eruptive episodes of Lascar were inferred (figure6.7). Labora-

tory experiments trying to recover the mineral assemblage observed in rock probes from Lascar

volcano were also carried out, together with comparisons between residual melt in the experiments

with the natural bulk rock composition observed in the probes, in order to check the formation con-

ditions of the erupted material. These experiments yield toa possible magmatic chamber present

between 10–15 km depth, and a deeper one at 40 km depth (André Stechern, pers. comm.).

If a magmatic chamber were present at 10–15 km depth, according to the magnetotelluric data

it should be located to the S-SE of the volcano, in zone C shownin figure6.6, which could extend

until 10 km depth and still fit the data, conforming a possibleheat source for the different processes

observed in the surrounding area and in the volcanic centersof this zone. An alternative explana-

tion could be given by a deeper magmatic chamber (e.g. 15 km),presenting a resistivity not very

different to its surroundings (e.g. 20–30Ωm), and therefore, obscured by the shallower and more

conductive zones inferred in this work and needed for a good data fit. The magma in this case

should ascend by dyke-like structures, narrow enough not tobe detectable with magnetotelluric

measurements. 3D forward models including such a magma chamber extending between -15 and

-20 km beneath the volcano together with all the other resistive and conductive features needed

by the data, yield very similar results as models without it,making its presence possible, but not

necessary for a representative 3D model.
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Chapter 6. Interpretation of the measured data

Figure 6.7: Pressure-Temperature plot for Clinopyroxene and Orthopyroxene present in rock
samples of the different evolutionary stages of Lascar volcano (André Stechern, pers. comm.).

6.2 LMT data and 2D inversion

The tipper data for the first periods show clearly the influence of the Salar de Atacama basin

between stations PEI and PAC, as a very conductive zone with resistivities of∼ 1 Ωm. The

extremely high conductivity in the Salar de Atacama is not a surprise, since in-situ measurements

in different small water springs inside the Salar showed values around 13 S/m at temperatures

of ∼ 25◦C, very conductive considering that sea water has an average conductivity of 3-4 S/m.

The depth of this conductive zone seems to be different alongits extension, as the eastern part

extends from the surface until 1 or 2 km, and the western part seems to reach larger depths, until

∼ 5 km. This can be seen more clearly in the tipper inversion shown in figure5.4A, reaching its

deeper part below the station ATA, and present in the joint inversion of the three modes (TE, TM

and tipper), between stations PEN and PAC (zone marked as B infigure 6.9). About the depth
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of the Salar de Atacama, studies including seismic lines indicate a considerable lateral variation

in thevp depth distribution in the uppermost crust. A relatively high vp > 6.3 km s−1 was found

at shallower depths under the Cordon de Lila, surrounded to the east and west by a relatively low

velocity zone (Reutter et al., 2006). This high velocity zone can be considered here as the basement

of the Salar de Atacama, constituted by Carboniferous and/orPermian to early Triassic volcanic

and sedimentary successions partly penetrated by late Cretaceous plutons in the western, southern

and southeastern borders of the Salar (Reutter et al., 2006). Above this basement, the basin fill

is mainly of Cretaceous to Holocene age and consists of an up to7500 m thick section of mainly

siliciclastic rocks, including the Cretaceous-Eocene Purilactis group, overlain by 1000-1600 m of

evaporites (Muñoz et al., 2002).

In figure 6.8, a density model calculated from a gravimetric profile at 23◦32’S, 5 km to the

north of our LMT profile, shows a density distribution in which a northward extension of the

Cordon de Lila formation, with relatively high density is placed beneath the center of the Salar de

Atacama. To the west of this feature, a layered but fracturedzone with lower densities extends

some kilometers in depth.

Figure 6.8: Gravity profile and density model along a sectionthrough the Salar de Atacama at
23◦32’S (Reutter et al., 2006).
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Between the Cordon de Lila and the El Bordo escarpment (western border of the Salar de

Atacama), several faults have been inferred based on geological data, gravity studies and seis-

mic experiments. These structures, originally normal and then reversed as a result of the strong

shortening experimented in this region during the Eocene and mid-Miocene, could be playing an

important role in the infiltration of fluids to deeper levels in the southwestern zone of the Salar

de Atacama. Another hypothesis for the deeper extension of the conductive zone to the west of

the Cordon de Lila, suggests that this tectonically depressed zone was a graben supported by the

original normal faults, and this basin concentrated old lakes and evaporitic deposits which could

explain a greater thickness of this kind of sediments, including perhaps horizons with fluids in this

zone (G. Chong, pers. comm.).

Concentrating now on the results at greater depths, the inversion of the tipper data (shown in

figure5.4A) indicates the presence of a highly resistive body directly below the Salar de Atacama

basin at depths between 10 and 60 km. However, this result seems to be induced by two different

resistivity zones that are below the western and eastern borders of this basin as can be seen in the

joint inversion of tipper, TE and TM modes shown in figure6.9. The westernmost resistive zone

extends below the Domeyko Cordillera, formed by Late Carboniferous to Early Permian rhyolitic

ignimbrites and domes, associated with volumetrically minor basaltic to andesitic lavas and in-

truded by granitoid plutons which yield K/Ar, Rb/Sr and U/Pb (zircon) ages ranging between 300

and 200 Ma (Mpodozis et al., 2005, 1993; Breitkreuz and van Schmus, 1996).

Figure 6.9: 2D inversion of tipper, TE and TM modes of LMT data, including a roughly approxi-
mated Moho fromYuan et al.(2000) and the Wadati-Benioff zone (W-B zone) approximated from
Cahill and Isacks(1992). The dashed area beneath the Puna is not resolved.
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The depth of this resistive zone is not well resolved, however it could be the case that the re-

sistive crust under the Domeyko Cordillera, extending until∼50 km (zone marked as A in figure

6.9), is followed in depth by a resistive downgoing slab (markedas A’ in figure6.9), giving the

impression of a unique resistive block.

Another resistive block is extending from the surface until10 km depth between stations PEI

and SOC (marked as C in figure6.9). This relatively shallow resistive zone underlies the Cas and

Peine formations which are partly penetrated by late Cretaceous plutons, as is also observed to the

S (below Cordon de Lila) and SW of the Salar de Atacama (Reutter et al., 2006). The presence of

plutonism in this area, in the form of 3D resistive heterogeneities, can explain the high skew values

observed in this part of the profile, as was shown in the previous chapters (figure4.4).

A large and highly conductive zone is located 100 km to the east of the volcanic arc. This

zone, marked as D in figure6.9, extends from 30 until 100 km depth, and seems to be related with

a shallow conductive zone beneath station ARC (D” in figure6.9) and also with a less conductive

zone (∼10Ωm) which departs from structure D to the west and upwards, resulting in a relatively

conductive zone below the volcanic arc at 40 km depth (D’ in figure6.9). The structures D, D’ and

D”, were subject to several sensitivity tests, showing clearly that the presence of all these structures

improved the convergence of the model.

The shallowest part of the conductive zone beneath the Puna,labeled as D” in figure6.9, co-

incides with the place where the Olacapato - El Toro fault system crosses the LMT profile. The

Olacapato - El Toro fault zone conforms a structural boundary in this plateau as all the historical

seismicity and micro seismicity in the Puna is located from this fault zone to the south, and concen-

trated in the first 10 km depth, indicating a high geothermal gradient and a shallow brittle-ductile

transition (Asch et al., 2006). This fault zone could be also providing paths for the infiltration of

fluids from the surface, enhancing the conductivity at shallow depths and therefore explaining the

presence of the conductive zone D”.

Analogous cases of conductive zones under the Altiplano canbe found in previous magnetotel-

luric studies (Brasse et al., 2002; Brasse and Eydam, 2008) as well as more to the south under the

Puna, in the backarc of the northwestern Argentinean Andes (Lezaeta et al., 2000; Lezaeta and

Brasse, 2001), which are in good agreement with seismic studies showing adetailed image of seis-

mic attenuation in the crust and uppermost mantle in the Central Andes (Yuan et al., 2000; Schurr

et al., 2003; Asch et al., 2006).

The anomalies in both cross-sections of figure6.10 (Schurr et al., 2003) are showing some

differences in shape, depth extent and Q value, indicating arather fast change with latitude, con-

sidering that both images are only 100 km away from each otherin the N-S direction. Nevertheless,

the easternmost attenuation anomalies for both cross-sections in figure6.10coincide particularly

well with the shape and depth extent of the conductive anomaly D obtained from the 2D inversion

of magnetotelluric data. The westernmost attenuation anomaly, placed close to the volcanic arc in

both cross-sections, can be related to the relatively conductive zone D’ shown in figure6.9, which

starts at 40 km depth and extends upwards and to the west until10 km beneath the active vol-
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canic arc, suggesting a path for ascending fluids which enhance the conductivity in this part of the

profile, and providing a possible source for partial melts inthe crust and hydrothermal processes

associated with the volcanic arc.

A

B

Figure 6.10: Cross sections from a 3D tomography showing seismic attenuation (Schurr et al.
(2003); B. Schurr, pers. comm.). The LMT profile is located between these two cross sections,
(A) at -23.5◦S and (B) at -24.2◦S

This interpretation is supported by the presence of extensive fields of Neogene ignimbrites

in the plateau region of the Central Andes, especially in the Altiplano-Puna Volcanic Complex

(APVC), many of which have been shown to be derived from crustal melting (De Silva, 1989).

Detailed petrologic and geochemical studies of ignimbrites from the APVC have established the

following resemblances among the units which suggests similar sources and magma evolution:

- Extremely large eruptive volumes, exceeding 1000 km3 for individual units.
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- A compositional monotony dominated by high-K, calcalkaline dacite and only about 5% rhyo-

lites. Most large units lack any major compositional variation.

- High crystallinity (30-50%) of pumice. Major phenocryst phases are plagioclase, quartz, horn-

blende and orthopyroxene (Schilling et al., 2006).

As the extension in depth of this highly conductive zone beneath the Puna could reach depths

larger than 80 km, it implies that the processes originatingthis anomaly could have their source in

the asthenospheric wedge (see later discussion).

In order to feed a volcanic arc, significant melting must occur in the wedge, which implies a

minimum temperature of∼1300◦ (Schmidt and Poli, 1998). For a basaltic to tholeiitic melt com-

position at 1300◦C, one may assume a melt conductivity ofσm = 5.5-6.5 S/m, resulting in a melt

fraction estimate of 21-25 vol.%, followingBrasse and Eydam(2008), who obtained bulk conduc-

tivities inside the wedge core on the order of 1 S/m. However,this value is for dry magmas, which

are not very frequent in subduction zones, where a strong influence of water is expected.

A large amount of water is carried by the subducting slab in form of hydrated sediments, basalt

or mantle lithosphere, and even when is widely accepted thatarc volcanism is initiated through

partial melting of a mantle wedge, which is strongly influenced by dehydration of subducted crust,

the study of the processes through which this water is transported from the slab is a difficult and

not completely resolved task (van Keken, 2003).

According toGrove et al.(2006) serpentinized mantle lithosphere underlying the top-most

sediment and basalt layers of subducted lithosphere can be an important reservoir that fuels vapor-

saturated flux melting, while chlorite-bearing hydrated mantle above the slab may also carry H2O

into the melt generation zone. If the subducted basalt or sediment is heated sufficiently, melting

will occur, resulting in a siliceous and H2O rich melt which would encounter solid mantle as it

ascends into the overlying wedge. The influence of H2O on melting is characterized by a large

temperature lowering effect that enlarges the temperatureinterval over which melting occurs.

In order to estimate the water and melt rates in the wedge several models have been proposed

(e.g.Grove et al.(2006); Iwamori (1998)), with temperature distributions which depend on the age

and speed of the subducting slab as well as on the subduction geometry. ForGrove et al.(2006),

water content may even increase to 30 wt% for first magmas nearthe slab, while the maximum

amount of melting (10-15 wt %) occurs in the hot core of the mantle wedge, increasing above 18%

according toIwamori (1998), where the wedge attains its maximum temperature.

The water supply enhances the melt conductivity considerably, according to studies in dry and

hydrous silicic melts (Gaillard, 2004), which is interpreted as the effect of water on sodium mobil-

ity. Additionally higher temperatures or saline brines mayfurther increase conductivity and thus

reduce melt rate. For instance, a hotter wedge (1400◦C) implies aσm of 11.5 S/m for tholeiitic

melt, yielding a value of 12.5 vol.% (Brasse and Eydam, 2008).

Thus, the main cause of the high conductivity anomaly beneath the Puna should be the pres-

ence of partial melts caused by the ascending fluids, but why is this anomaly placed beneath the

backarc instead of below the main volcanic arc?
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At 24◦S, ∼40 km south of the LMT profile, above the westernmost high attenuation zone

shown in the southern cross-section of figure6.10stands the Quaternary strato-volcano Cerro Tuz-

gle. In its vicinity, shoshonites as well as ocean-island-type basalts and ignimbrites occur.Coira

and Kay(1993) concluded that both Cerro Tuzgle and the shoshonites were derived from mantle

magmas and that the Tuzgle magmas were also contaminated by mixing with crustal melts in the

lower crust. According toSchurr et al.(2006) this volcanism is the result of a recent detachment

of lithosphere, the remains of which are now lying on top of the Nazca plate, while fluids may

ascend from the earthquake cluster at 200 km depth, beneath the highly conductive zone (as shown

in figure 6.11), through the mantle, and triggering mantle melting responsible for the observed

andesitic magmatism.

Figure 6.11: 2D inversion result of the LMT profile, and earthquakes locations between 23.5◦S
and 24◦S, from Engdahl and Villaseñor(2002). Resistivity structures beneath 140 km are not
resolved and thus not shown in this section.

The idea of a common source for forearc and backarc magmas does not agree with geochemical

differences between the frontal arc and backarc volcanoes at this latitude (Schurr et al., 2003), but

the presence of a high attenuation zone beneath the present volcanic arc, together with a relatively

conductive zone in the same area (D’ in figure6.9) could indicate a second magma generation zone,

fed by fluids from the slab, and from the deeper easternmost magma generation zone associated

with the largest earthquake cluster. This could explain whywe are observing the volcanic arc in
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its actual position, and not above the anomalies observed inthe backarc. One can also speculate,

as the attenuation and conductive anomalies, together withthe seismological data for this area are

clearly pointing to the presence of fluids and a magma generation zone beneath the Puna, that this

is a snapshot of a new eastward migration of the volcanic arc,as has already occurred several times

since the Jurassic.
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Conclusions and comments

After a dimensionality analysis performed for both datasets in the study area, a clear geoelec-

trical strike together with phase tensor, tipper and skew values in agreement with a 2D supposition

were obtained for the LMT profile’s data, while no clear two-dimensionality indicators were ob-

tained for the broadband magnetotelluric data measured in the vicinity of Lascar volcano. These

results yield to the validity of a 2D inversion obtained withthe LMT data, and the necessity of a

3D model to explain the data in the surroundings of the volcano.

Several 3D models were obtained for the area around Lascar volcano, modeling also the topog-

raphy around each measuring station, and performing forward modeling with different conductiv-

ity scenarios. Some features needed by the magnetotelluricdata were a resistive and relatively

shallow block at the eastern border of the Salar de Atacama, associated with intrusives present in

the Cuyuguas and Allana hills, and some other shallow conductivities, associated with the Aguas

Calientes salar, to the east of Lascar volcano, and conductive zones close to the volcano itself,

possibly associated with hydrothermal fluids.

Conductive zones with different shapes and sizes were set at various depths beneath the vol-

canic edifice, in order to check the presence of a magma chamber beneath it, but no single conduc-

tive zone beneath the volcano could explain the magnetotelluric responses of the stations around

it. However, models including a conductive zone extending to the south-southeast of the volcano

improved strongly the fit with the measured data, particularly for the tipper, but also for apparent

resistivities and phases at most of the stations. This conductive zone is located in the middle of

several volcanic centers, limited to the north by Lascar andAguas Calientes volcanoes, and to the

south by the Puntas Negras volcanic chain and Chiliques volcano, the location of which is partic-

ularly interesting considering its proximity and indicators of recent activity during the last years.

2D inversions of the long-period transect were obtained using a non-linear conjugate gradients
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algorithm, which agreed with the main geotectonical features expected for this area. The sub-

ducting slab together with a crustal block coinciding with the Domeyko Cordillera were modeled

as highly resistive zones, while the Salar de Atacama, extending a few kilometers in depth, was

resolved as a very conductive area, which agrees with in-situ conductivity measurements. A large

highly conductive anomaly (∼ 1Ωm) was obtained beneath the Puna, starting at 10 - 20 km depth,

and probably extending through the Moho. The presence of such an anomaly fits well with previ-

ous conductivity models obtained beneath the Altiplano (Brasse et al., 2002; Brasse and Eydam,

2008). A relatively conductive anomaly (20 - 30Ωm) was also obtained below the active volcanic

arc at depths between 10 - 30 km. These conductive anomalies,both associated with seismicity

clustered beneath them, are possibly related to dehydration processes of the subducting slab which

enhances the formation of magmas in the ascending paths of fluids through the mantle wedge. The

presence of these anomalies beneath the arc and the backarc agrees also with seismic tomogra-

phy results in this area. The larger and more conductive anomaly located beneath the plateau is

possibly related to the processes originating the young monogenetic volcanic centers associated

with mafic lavas in the Puna, such as Tuzgle volcano and shoshonitic lavas. They are derived from

the ascent of the mantle material, contaminated by mixing with crustal melts in the lower crust,

according toCoira and Kay(1993), coinciding with the depth extent and location of the larger

anomaly. Speculatively, the observation of a larger and more conductive anomaly located beneath

the backarc instead of beneath the main volcanic arc in the Western Cordillera, could be a snapshot

of the eastward migration of the arc, as it has occurred already several times since the Jurassic.

The presence of a highly conductive zone beneath the Puna, aswell as in the northern part of

the plateau, beneath the Altiplano, suggest that this feature is common to almost the entire plateau,

but showing some remarkable differences beneath the Altiplano and the Puna. Beneath the Alti-

plano, this highly conductive zone is starting at larger depths and is also extending until∼120 km,

while beneath the Puna this feature is starting and probablyfinishing at shallower depths. The dif-

ferent depth extensions of the highly conductive zones beneath the two segments of the plateau can

be associated with a thinner lithosphere beneath the Puna, which is approximately 50 km thicker

beneath the Altiplano (Whitman et al., 1992), and therefore with the morphological differences

observed between the higher and narrower Puna and the lower,wider and thick-crusted Altiplano.
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