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Abstract

The Andes are one of the best examples of active orogeniegses in the world, due to
the interaction between the Nazca and South American plaigbe central part of this orogen,
this interaction led to the Altiplano-Puna plateau, theoseldn height and extent after Tibet. This
plateau is related with abundant arc magmatism, partigubatween 2145’'S and 2330’S, a zone
characterized by the Altiplano-Puna volcanic complexhwitige volumes of Neogene ignimbrites
and numerous volcanic centers of Miocene to Holocene age.

In zones where the temperature and presence of fluids armglag important role, the ap-
plication of geophysical methods recovering the eledtnesistivity, strongly controlled by these
factors, is particularly interesting. In the Central Andésg, subducted Nazca plate is releasing flu-
ids which ascend and generate partial melts in the asthbaospvedge. More locally, the active
volcanic centers are normally associated with hydrothesystems and the presence of magma.
Both processes, at their different scales, are directlelirknd conform the aim of this work.

Between September and November 2007 and during a seconddiajohgyn in January and
February 2010, long period magnetotelluric (LMT) statiomsre set following an E-W profile
around 2340’S, starting at the Cordillera de Domeyko, crossing theuS#¢ Atacama and reach-
ing the Puna. A more focused study, using audio magnetatel]aMT) sites, was carried out
around Lascar volcano, a subduction-related stratovolézsated in the Altiplano-Puna volcanic
complex, with an historical activity characterized by fuwiac emissions and occasional vulcanian
explosions, the largest one observed during April 1993.

Remote reference and robust techniques were used in therdatsping. Induction arrows,
phase tensor ellipses and strike direction of the condtictiNstribution have been calculated for
both data sets as dimensionality indicators, obtaininfgiifit results. The AMT sites around
the volcano are showing a strong 3D behavior for shallowettde with induction vectors at the
closest sites to the volcano pointing away from it, influehbg the topography and by local con-
ductivity heterogeneities. For the large period data frobengrofile, the behavior is more 2D with a
more stable strike direction which is coherent with the gtehn vectors and the largest semi axis
of the phase tensor ellipses. All these parameters aregdgrimfluenced for the longer periods by
a large highly conductive anomaly in the backarc, benea&tigentinean Puna.
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Sensitivity analysis for different cases of synthetic magmchambers beneath Lascar vol-
cano have been performed using 3D forward modeling tools. dGative zones with different
shapes and sizes were tried at various depths beneath ttemuah order to check the presence
of a magma chamber, but no single conductive zone below tltamic edifice could explain the
magnetotelluric responses of the stations around it. Hewenodels including a conductive zone
extending to the south-southeast of the volcano improvetgly the fit with the measured data.
This conductive zone is located in the middle of severalaic centers, limited to the north by
Lascar and Aguas Calientes volcanoes, and to the south byutitas"Negras volcanic chain and
the Chiliques volcano, suggesting a more complicated magrsgstem 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 showing good agreement
with the largest features of this area, as the Cordillera da&yo or the Salar de Atacama basin,
and also showing the presence of the highly conductive alygonaviously referred by the dimen-
sionality parameters, extending between 20 and at leas8fepth. The presence of this conduc-
tive anomaly beneath the Puna and not beneath the activeniolarc in the Western Cordillera,
may provide new evidence on the upward pathway of fluids frieensubducting slab, and there-
fore on the formation of volcanic centers in the Central Andes

Zusammenfassung

Die Anden, entstanden durch die Subduktion der NazcaePlatter die Sidamerikanische
Platte, sind eines der besten Beispiele fur aktive orogeneeBse auf der Erde. Im zentralen
Bereich dieses Orogens fiihrte diese Interaktion zur Helldusiyg des Altiplano-Puna-Plateaus,
dem nach Tibet zweithdchsten weltweit. Dieses Plateauusthdausgedehnten Magmatismus
gekennzeichnet, speziell in der Region zwischet31S und 2330’S. Diese Zone ist gepragt
durch grof3e Volumen neogener Ignimbrite und zahlreich&anische Zentren miozanen und
holozanen Alters.

In Gebieten, in denen Temperaturanomalien und die Anweseron Fluiden eine grol3e Rolle
spielen, ist insbesondere die Anwendung von geophysdkedis Methoden von Interesse, die die
elektrische Leitfahigkeit bestimmen, da diese stark ddiernperatur und Fluide beeinflusst wird.
In den Zentralen Anden steigen aus der subduzierten Ndati& Fluide auf, welche in der As-
thenosphare zu partiellen Schmelzen fuhren. In eineméokislal3stab assoziiert man die vulka-
nischen Zentren allgemein mit hydrothermalen Systemermanédnwesenheit von Magma. Beide
Prozesse, in ihrem unterschiedlichen Mal3stab, sind dmsgeinander verbunden und das Ziel
dieser Arbeit.

Zwischen September und November 2007 und wahrend eineteawdiesskampagne im Jan-
uar und Februar 2010 wurden langperiodische magnetaselhe (LMT) Mel3stationen auf einem
E-W streichenden Profil bei ungefahrra®’'S aufgebaut, beginnend in der Cordillera de Domeyko,
Uber den Salar de Atacama und den Vulkanbogen bis zur Puna.génauere Untersuchung mit



Hilfe von Audiomagnetotellurik (AMT) wurde um den Vulkan &@ar durchgefiihrt. Dieser durch
Subduktionsprozesse entstandene Stratovulkan zeigtistoribcher Zeit fumarolische Aktivitat
und gelegentlich explosive Eruptionen, die grol3te davariaehtet im April 1993.

Zum Processing der Daten wurden Remote-Reference und roferéaren angewendet. In-
duktionspfeile, Phasentensor-Ellipsen und Streichuichén der Leitfahigkeitsverteilungen wur-
den fur beide Datenséatze als Dimensionalitatsindikatbezrchnet, mit unterschiedlichen Ergeb-
nissen. Die AMT-Stationen um den Vulkan zeigen bei geringefien starke 3D-Effekte. Die
Induktionspfeile der dem Vulkan am n&chsten gelegene8tt zeigen von diesem weg, da sie
durch Topographie und lokale Leitfahigkeitsheterogeeitdeeinflusst sind. Fir die langperiodi-
schen Profildaten ist das Verhalten eher 2D mit einer stail8treichrichtung, welche koharent
mit den Induktionspfeilen und den grof3en Halbachsen desdtttensor-Ellipsen ist. Alle diese
Parameter sind stark von einer hochleitfahigen AnomaliBatkarc unter der argentinischen Puna
beeinflusst.

Fur verschiedene synthetische Magmakammern-Geometrterhalb des Lascar wurden Sen-
sitivitatsanalysen mit Hilfe von 3D-Vorwarts-Modelliergen durchgefihrt. Leitfahigkeitszonen
unterschiedlicher Gestalt und Grél3e wurden in verschigddiefen getestet, um das Vorhanden-
sein einer Magmakammer zu Uberprifen. Jedoch konnte keieleier Leiter unterhalb des vulka-
nischen Komplexes die magnetotellurischen Daten an dekamobhen Stationen erklaren. Erst
Modelle, die eine Leitfahigkeitszone beinhalten, weldiel stid-stidostlich vom Vulkan erstreckt,
konnten die Anpassung des Modells signifikant verbessaasel_eitfahigkeitszone befindet sich
im Zentrum verschiedener vulkanischer Zentren, im Nordegrénzt durch die Vulkane Lascar
und Aguas Calientes, im Siden durch die Puntas Negras-Kedtelen Vulkan Chiliques. Dies
lasst ein komplizierteres magmatisches System vermutelthes mit mehr als einem vulkanis-
chen Zentrum in der Region verbunden sein kdnnte.

2D-Modelle, die durch die Inversion der LMT-Profildaten ewgt wurden, zeigen eine gute
Ubereinstimmung mit den gréRten in dieser Region vorkomme&trukturen, wie der Cordillera
de Domeyko oder dem Salar de Atacama-Becken im Forearc. i§enzaulierdem eine hochleit-
fahige Anomalie zwischen 20 und 80 km Tiefe im Backarc. Died.dgr Leitfahigkeitsanomalie
unterhalb der Puna und nicht etwa unterhalb des aktivenavillggens in der Western Cordillera
gibt neue Hinweise auf den Pfad der von der subduzierteteRiatsteigenden Fluide und damit
auf die Entstehung der vulkanischen Zentren in diesem &eihaiden.



Resumen

Los Andes es uno de los mejores ejemplos de procesos orogémitivos en el mundo, debido
a la interaccion entre las placas de Nazca y Sudamericana.pane central de este orégeno, esta
interaccion llevo a la formacion de la meseta del Altipl&hoa, la segunda en altura y extension
después de Tibet. Esta meseta esté relacionada con alundagrhatismo de arco, en particular
entre los 2145'S y 2330’S, una zona caracterizada por el complejo volcanicghaltio-Puna,
gue presenta enormes voliumenes de ignimbritas Ne6genaserosos centros volcanicos forma-
dos durante el Mioceno y el Holoceno.

En zonas donde la presencia de fluidos y la temperatura juggan importante, la aplicacion
de métodos geofisicos que permitan obtener la resistiatirdrica, fuertemente controlada por
estos factores, es particularmente interesante. En loesA@éntrales, la subduccion de la placa
de Nazca libera fluidos que al ascender generan fusion parcia Astenosfera. A nivel mas
local, los centros volcanicos activos estan normalmertdeiados con sistemas hidrotermales y
la eventual presencia de magma. Ambos procesos, en susniiferescalas, estan directamente
vinculados y forman parte de los objetivos de este trabajo.

Entre Septiembre y Noviembre de 2007, y durante una segamdpagia de terreno en Enero
y Febrero de 2010, se instalaron estaciones magnetotdide periodo largo (LMT) en el perfil
EW entorno alos 2310’S, desde de la Cordillera de Domeyko, cruzando el Salataeafa y el
arco volcanico, hasta llegar a la Puna. Un estudio mas esdocan el uso de estaciones de audio-
magnetotellrica (AMT), se llevé a cabo alrededor del volcascar, un estratovolcan de origen
subductivo situado en el complejo volcanico del Altiplgara, con una actividad historica car-
acterizada por constantes emisiones fumardlicas y explesivulcanianas ocasionales, la mayor
de ellas observada durante abril de 1993.

Técnicas de referencia remota y procesamiento robustorfugilizados en el procesamiento
de datos. Flechas de induccion, elipses de tensor de fasding¢zion de rumbo geoeléctrico se
han calculado para ambos conjuntos de datos como indicaderdimensionalidad, obteniendo
diferentes resultados. Las estaciones de AMT alrededaoraitedn muestran un comportamiento
claramente 3D a escasa profundidad, con las flechas de iGdust los sitios mas cercanos al
volcan apuntando lejos de él, influenciadas por la topagsafa presencia de heterogeneidades
conductivas locales. Para los datos de periodo largo enrigll B&/, el comportamiento se ac-
erca a un caso 2D con una direccién de rumbo mas estable, quahe®nte con los vectores
de induccién y el semi-eje mayor de las elipses del tensoaske fTodos estos parametros estan
fuertemente influenciados para los periodos mas largoseoamomalia de alta conductividad en
el tras-arco, bajo la Puna argentina.

Utilizando herramientas de modelamiento 3D, se han reldizaalisis de sensibilidad con-
siderando distintos casos de camaras magmaticas sistbtfmel volcan Lascar. Zonas conduc-
toras con diferentes formas y tamafios fueron analizadastiatds profundidades bajo el volcan
a fin de verificar la presencia de una posible camara magmatca ninguna zona conductora



individual bajo el edificio volcanico ha logrado explicas leespuestas magnetotellricas de las
estaciones a su alrededor. Sin embargo, los modelos qug@mclina zona conductora que se ex-
tiende al sur-sureste del volcan, mejoran notablementesteacon los datos medidos. Esta zona
conductora se encuentra en medio de varios centros votsrgendo limitada al norte por los
volcanes Lascar y Aguas Calientes, y al sur por la cadenaniolcée Puntas Negras y el volcan
Chiligues, lo que sugiere un sistema magmatico complejo gddgestar relacionado con mas de
uno de los centros volcanicos en la zona.

Los modelos 2D obtenidos de la inversion de los datos del p&tfi muestran una buena con-
cordancia con los rasgos mas caracteristicos de esta zonason la Cordillera de Domeyko y la
cuenca del Salar de Atacama, e incluye también la preseadtéaahomalia de alta conductividad
previamente inferida por los parametros de dimensiondligiae se extiende bajo el trasarco, entre
20 y al menos 80 km de profundidad. La presencia de esta af@oooaiductora bajo la Puna y no
bajo el arco volcéanico activo en la Cordillera Occidentakge proporcionar nuevas evidencias
sobre el recorrido ascendente de los fluidos liberados emmetgo de subduccién, y por lo tanto
de la formacién de centros volcanicos en los Andes Centrales.
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Chapter 1

Introduction

The Central Andes have formed in a long lasting convergetesy®/here, since Jurassic times,
several oceanic plates were subducted under the South éangglate. Subduction resulted in the
formation of a magmatic arc that, due to tectonic erosios,rhagrated about 200 km eastwards
since 120 Ma, moving from the Coastal Cordillera to its prepesttion in the Western Cordillera
(Scheuber et 812006. Here, at the western border of South America, the CentrdeArare char-
acterized by the Altiplano-Puna plateau, one of the largkdeaus in the world, and the highest
related with abundant arc magmatism, with the main volchotated at its western border, along
the Western Cordillera. These structures and other chaiantethis area are shown in figuiel

In the subduction zone of the Central Andes several high adivily zones have been de-
tected (e.gSchilling et al.(1997); Lezaeta and Bras$2001); Brasse and Eydaif2008), mostly
in areas where shear zones are present and/or magmatisraduged recently, for which fluids
and/or partial melting are the most common explanationsidElreleased from the slab facilitate
partial melting at lower crustal - upper mantle depths, [@ueng the melting point of the rocks.
At shallow depths, fluids may circulate in the crust withoedding to partial melting, particu-
larly in a brittle crust which has been folded and fracturgddztonic deformation, resulting in a
considerable electrical conductivity enhancement pexithat these are rich in minerals and that
they find a pathway to circulate, which is possible in faulh@®. Around active volcanic centers,
hydrothermal systems as well as magmatic sources are thazad by a high electrical conduc-
tivity, and consequently form ideal targets for geophyldieehniques sensitive to conductivity, as
the magnetotelluric sounding method.
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Figure 1.1: Main structures characterizing the Central Andeed stars show the location of
magnetotelluric profiles (A, B, C and D) in the Central Andeghwesults described in: Arasse
and Eydanm(2008; B) Echternacht et a[1997); Lezaeta200]); C) Lezaeta2001); Brasse et al.
(2002; Schwalenberg et a{2002; D) this work. Lines C1 and C2 are planned profile prolon-
gations for future field campaigns. Red triangle indicatespbsition of Lascar volcano, and the
dashed rectangle the location of figur&

Magnetotellurics (MT) is an electromagnetic sounding radtwhich belongs to the geophysi-
cal techniques governed by the diffusion equation. Measengs of period-dependent fluctuations
in the electric and magnetic fields on the surface of the Ezathbe used to obtain information
of the resistivity distribution in depth. As the resistiwvinf rocks in the Earth extends over a very
wide range, the MT method is a useful tool to image the restigtiistribution of the subsurface,
in shallow crustal to mantle depth studies. Several maggléidac studies have been developed in
different volcanic zones around the world during the lastrgeinterpreting electrical conductors
as hydrothermal fluiddiigham et al.2009, clays Matsushima et al2001), and also magmatic
conduits or chambers, included in several 3-D modelingistughgham et al.2009 Mdller and
Haak 2004 Hill et al., 2009.



Chapter 1. Introduction

The area enclosed by a segmented line in fidufieis a very particular zone in the Central
Andes, where the volcanic arc, following a characteristgmsouth trend, is interrupted by one
of the largest sedimentary basins of the Central Andes, tlae 8a Atacama. The volcanic arc, at
the western border of the Salar de Atacama, is shifted 50 kimeteast compared to its north and
southward continuations. In this segment is located onleeifrtost active volcanoes of the Central
Andes during the last 20 years, the Lascar volcano. Thisamalcwith an activity characterized
by repetitive dome growth and subsidence, accompanied d¢ysdeng and explosive eruptions of
different magnitudes, was particularly active during t®8Q’s, with its largest recorded eruptive
episode in April 1993, with an eruptive column reaching b 20 km height. Tephra fell over
large areas of Brazil, Argentina, Paraguay and Urugi#stihews et a.1997).

Data acquisition was performed during October and Noverab2007, and during a second
field campaign in early 2010, following the few access rowessing the volcanic arc in this
zone. The AMT stations were placed in the area around Lasdaano, forming a ring and a
short profile across the volcano. The LMT stations were sehope to the south as a profile from
the highest lands to the Atacama basin. Figl2shows the study zone and the sites where the
magnetotelluric stations were built.

23° 00'sh =

Toconao .

A

23° 305 *

Figure 1.2: Study zone and location of sites. Green triamgie 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 marmf the forearc, magmatic arc and
backarc in the Central Andean subduction zone, at latitudasnd 23.7°S and longitudes be-
tween 66.5 - 69W, using long-period instruments (LMT), comparing the fesobtained from
the magnetotellurics with other geophysical observatansthe geological background, trying to
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obtain a joint interpretation.
- An electric conductivity model of Lascar volcano and itsreundings using broadband instru-
ments (AMT), trying to check the electrical properties o $hallower crust around the volcano,
and the presence of a magmatic chamber associated with it.

The first part of this work comprises the geological backgbof the study zone (chapter
2), followed by the theoretical basis of the magnetotell@ocinding method in chapt& The
data processing will be clarified in chaptrtogether with a dimensionality analysis considering
both data sets (from the AMT and LMT data) separately, shgwire convenience of a three-
dimensional or two-dimensional approach in each case. dptein5 the 3D and 2D models ob-
tained for each case will be presented, and the interpoetafithe most important features of these
results will be discussed in chap&rfollowed by some final remarks in chaptér
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Chapter 2

Geology of the study zone

Since the origins of the plate tectonics theory, the Ande® li@en quoted as one of the best
examples in the world, of active orogenic processes duetéoaation between oceanic and con-
tinental plates. Due to these interactions, the Andes haeerbe a place of great interest for
scientists of all over the world. Here it is possible to olisethe result of millions of years of
deformation processes which have transformed the landssayeral times, and that are still in
motion.

Starting with an overview of the geology of the Central Andegs chapter will focus in the
area between the Coastal Cordillera and the Puna arountS23udd finally in the Lascar volcano
area.

2.1 Regional Geologic and Tectonic setting

The Central Andes are formed in a long lasting convergenesysh which, since Jurassic
times, several oceanic plates were subducted under tha 8mérican plate. Subduction resulted
in the formation of a magmatic arc that, due to tectonic emdnas migrated about 200 km east-
wards since 120 Ma, moving from the Coastal Cordillera to iessent position in the Western
Cordillera Scheuber et gl2006. Between 15and 34S, this segment of the Andes is constituted
principally of continental material, which differs fromemorthern and southern part of the Andes,
partly constituted by oceanic material accreted in theinent. 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 volcanoéziworld.

The convergence between these two plates has been estimags@ral studiedeMets et al.
1990 Norabuena et 311998 Kendrick et al, 2003, with an average convergence velocity of 79
mm/y under the Central Andes and a direction of RE{DeMets et al. 1994 Somoza 1998.
The direction of convergence has not varied significantlyhm last 20 Ma, while the velocity
seems to have experienced some variations during thiscpéPardo-Casas and Molnat987,
Somozal998.
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Figure 2.1: Variation of the Wadati-Benioff plane in the CahtAndes and bathymetric-
topographic profilesYafiez and Cembran@004)

The region in study is placed at the western border of the Bolirocline (13-28°S), a
morphological division between the northern and southemtr@eAndes. In this zone, the Central
Andes consist of major structural units which approximaterallel the trend of the mountain
range. Inthe central part, where the Andes attain their mam width, they comprise four regions,
from west to east, (1) the offshore and onshore fore-aronedR) the Western Cordillera that
marks the location of the presently active magmatic arcth@)Altiplano-Puna high plateau, and
(4) an eastern belt of fold and thrust structures compritiegeastern Cordillera, the Sub-Andean
Ranges and the Sierras Pampeascken et al.2006. With around 1800 km of extent in the
back-arc region, from southern Peru through Bolivia (A#dipb), northern Argentina and Chile
(Puna), a width between 350 - 400 km, and an average altitides4ukm (higher in the Puna),
the Altiplano-Puna plateau is the second only to Tibet ighieand 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 magmat&iiméndinger et al.1997. This
plateau is mainly considered to be a consequence of largégatshortening. However, there are
still some discrepancies between the observed tectonitestimg, and the amount of material
needed to explain the entire crustal thicknd=arias et a).2005.

|— 1 50
L 200
- 250
- ¢ = 30°
Sierras
rﬁ:jig
» L7 Pampeanas

75° 65°

Figure 2.2: Location map showing the extent of the high platef the Central Andes. Dark
gray shows area above 3 km elevation; the plateau is defingdebyide area above 3 km be-
tween 13 and 275. The light gray zones are thin-skinned thrust belts in thiga8dean ranges of
Bolivia/Peru and the Precordillera (PC) in Argentina. The Sierraspeamas and Santa Barbara
System (SB) are thick-skinned foreland provinces. The hachzone trending NW-SE across the
Argentine-Bolivian border corresponds to a variety of latehange in Andean and pre-Andean
features, and can be considered as the Altiplano-Puna bop@limendinger et al.1997).
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2.1. Regional Geologic and Tectonic setting

Morphological differences between the Altiplano and thed&unas an average elevation nearly
a kilometer higher in the Puna than in the Altiplano, has leéibuted to greater thinning of the
lithosphere beneath the Pun&ltfitman et al. 1996.

The Altiplano-Puna plateau is limited in the north and sduthan almost horizontal Benioff
plane angle at depth, estimated betwegand 9 (Gutscher et al.1999 2000, while under the
Bolivian Orocline, this Benioff plane angle in depth reachds@avid et al, 2002. This varia-
tion of the Benioff plane seems to be a consequence of the stibdwf the Nazca and the Juan
Fernandez ridges at the northern and southern border of tiveaBaOrocline, respectively.

Concentrating in the westernmost regions, the geology ofditeearc is influenced by earlier
magmatic arcs and associated sedimentary basins of dura$xaleogene age. It records at least
two pre- Neogene shortening events, the Cretaceous Perstdga and, most notably, the late
Eocene Incaic phase. Neogene tectonism has produced in tleaiCfore-arc normal faulting
with uplift in the west (Coastal Cordillera) and thrust or neesfaults 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 deformat®ehéuber and Reutter992).

Around 23S, the Central Andean arc is retreated 60 km eastwards freegitsnal north-south
trend, reaching a maximum distance from the Peru-Chile trefabout 400 km. To the west, the
Central Andean arc is limited by the Salar de Atacama, a majpographic anomaly placed at
2300 m above sea level, and following to the west is possibfenti morphological features such
as the Cordillera de La Sal, Llano de la Paciencia, El Bordo fpsoant, and the Cordillera de
Domeyko.

The Cordillera de Domeyko is an Eocene magmatic and tectefiexhuming late Palaeozoic
felsic igneous rockdpodozis and Ramg4989, which north of 28S is related to a west-verging,
high-angle structural system that propagated slowly toatest during the Neogend{fioz and
Charrier 1996 Victor et al, 2004). Its eastern border coincides with the El Bordo Escarpment
where, overlying the Paleozoic and Triassic basementch shiccession of Cretaceous to Miocene
continental sediments, including the Purilactis Grougxgosed. Further east the Llano de la Pa-
ciencia is a narrow 80 km long N-S, and 8 km wide sub-basindfilg coalescing Quaternary
alluvial fans separated from the main Salar de Atacama Wimsthe Cordillera de la Sal, a still
tectonically active N-S ridge of complexly deformed Oligoe-Pliocene, evaporite-rich, conti-
nental sediments and ignimbrites. Further to the east, hexposed, the Purilactis Group also
forms the lower section of the Llano de la Paciencia and patthé@ modern Salar de Atacama
basin sedimentary fill\lpodozis et al.20095.

On the Salar de Atacama, multiple models of its tectonicueiah have been publishe#lint
et al.(1993 propose that the Salar de Atacama Basin evolved under éxtahgectonic conditions
through the Mesozoic and Cenozoic periodlisiioz et al (1997 propose that the basin began as a
Cretaceous extensional basin that was subsequently idugyteast-directed thrusting during the
late CretaceousArriagada et al(2002 andMpodozis et al(2005 present evidence that during
the late Cretaceous, the basin began in a compressionalgsastia foreland basin linked to the

15



Chapter 2. Geology of the study zone

initial stages of uplift of the Cordillera de Domeyko, emplzag) that the basin forming event was
the inversion of the Jurassic-early Cretaceous extensi@mapaca backarc basin.

The main structural style of the Salar de Atacama area is\diyefirst-order kilometric scale
~NS and east-vergent thrust faul&ron et al, 2008. Subsidiary to these main faults, there is
a second order thin-skinned systekulin, 2002 with similar orientation to the first-order struc-
tures. The fold and thrust belt architecture related to tis¢ dind second-order faults, controls the
landscape of the Precordillera and the Salar de Atacama.basi

caro £ gt

pe- .vr/
\

.-i sl ca

iThrust fault = Strike-slip fault %Anticline 7( Syncline \' Monocline

Figure 2.3: Structural map of the Salar de Atacama area sigosome of the first and second
order faults controlling the structural style of this arBatracted fromAron et al.(2008.

16



2.1. Regional Geologic and Tectonic setting

There is evidence of an 80 km long structure along the actegmatic arc, the so-called Mis-
canti Fault (also called Callején Varela). This fault regrés the easternmost expression of the
fold-and-thrust belt. The ca. 400 meters high structurgfref the Miscanti Fault controls the
development of intra-arc lakes (Miscanti and Mifiiques $kand the local and spatial extension
of andesitic-basaltic lavas erupted from nearby volcaerders Aron et al, 2008. Some of these
structures are shown in figuge3.

Several geophysical studies have been developed in this nociuding refraction seismics
(Schmitz et al. 1999, local earthquake tomographéaeber and As¢i999 Schurr and Riet-
brock 2004, receiver functions studie¥an et al, 2000, and gravity field measurementS{tze
et al, 1994. These studies support the idea of a thick crust (>60 kmgdtnthe Salar de Ata-
cama, finding a rheologically strong block with low attenoathigh Q,) and highv, values (see
figure 2.4) surrounded by a relatively weak zone and a high in the rasigravity around this
basin, which supports the idea of this strong block, caledAtacama Block bychurr and Riet-
brock (2004. According to this last referred study the compositionhef Atacama Block should
be an even mixture of quartz-rich gneiss and metabasiteaube with this mixed composition it
is possible to fit they, andv, /v, ratio and because this composition can be related to imatsti
high-pressure, low-temperature rocks that crop out in taeg&de Limon Verde (NW of the Salar
de Atacama).

The western Altiplano-Puna plateau margin forms a huge rioreothat lacks prominent Neo-
gene deformation structures. The origin of this monoclias been a subject of debate, putting
in the table several hypothesissacks(1988 has suggested that uplift of this margin was the
result of flexure of the crust as a response to late Miocenerntimdisting from the east. More
recentlyMufioz and Charrie(1996, Farias et al(2002 and Garcia et al(2002 have reported
the occurrence of steeply east dipping reverse faults withdhortening magnitudes at the base
of the monocline between 180’ and 1930’'S that they dated to be Miocene in age. They sug-
gested a thrust-related uplift of the western Altiplanostiparalleled by surface tilting from deep
processed_amb et al (1997 explained the monocline as a gigantic tilted block of uppest that
collapsed and rotated between the subvertical Atacama erabidilleran Fault Systems during
Plio-Pleistocene plateau uplift. On a smaller sa&l@;ner et al(2000 describe similar large-scale
antithetic block rotations at 28 induced by gravitational collapse of the plateau flank diditzon,
deformation of parts of the forearc has been shown to be daednby vertical axis block rota-
tions that have been either attributed to oroclinal bendintpe Andes Isacks 1988 MacFadden
et al, 1995 Kuhn, 2002 or to oblique subduction during the Cenozdse€tk 1988 Randall et al.
1996.
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Figure 2.4: Topography, residual gravity, and interprietet! cross section through the Salar de
Atacama basin at 23'3. Abbreviations are as follows: PC - Precordillera, PCFSe@&mdilleran
fault system, AD - Salar de Atacama depression, AB - AtacaloekbWC - Western Cordillera
(extracted and edited fro@churr and Rietbroci2004).

Concentrating on our study area, the Neogene deformatiosszare controlled by fault sys-
tems following preferably three directions, Orogen patdM-S), as the Precordillera fault system,
NE-striking faults, such as the Uyuni-Kehnayani fault, 8d-trending faults $alfity, 1985, as
the Olacapato-El Toro (or Calama-Olacapato-El Toro) faydtesm. The NW-striking fault zones
are generally associated with Neogene volcanic cenkdastéini et al, 2002k Petrinovic et al.
2005 and are characterized by a significant component of haw@diault-normal dilation Riller
et al, 200]). In contrast to these zones, the orogen-parallel and Biiding fault systems con-
sist mostly of reverse faults, which generally follow maaintfronts of uplifted ranges that were
formed by displacement on reverse faults that affectedQaezoic basement rock&énguj
1998 Riller and Oncken2003. The curvature of individual fault zones of the NE-striisystem
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2.1. Regional Geologic and Tectonic setting

toward parallelism with faults of the orogen-parallel gystindicates that the two fault systems
are geometrically and kinematically linked. As a resulg tirvilinear faults of both fault systems

enclose compressive basins of rhombohedral shape in pan as the Atacama basin. This sug-
gests that the morphology of the southern central Andesgellaa result of reverse faulting on

the two fault systemsRiller and Oncken2003.

In this region, as part of the Central Volcanic Zone betweehad 24S, is developed the
Altiplano-Puna Volcanic Complex in response to a late Mi@égmnimbrite “flare up” in the
Altiplano-Puna plateaude Silva 1989. This major volcano-tectonic province occupies an area
over 70.000 krhand is the site of the largest concentration of voluminotesMiocene to Pliocene
ignimbrite eruptions on earth. This region has been coontisly active since 23 Ma, ending a pe-
riod of magmatic quiescence in the Oligocene to early Miecaihile andesite volcanism dom-
inated from the late Tertiary until the late Miocene, sinkert the volcanism was dominated by
voluminous ignimbrite eruptions, producing regionallyemsive, crystal-rich, dacitic and large
volume ignimbritesi(indsay et al.2001).

For a regional description of the different units over whiigscar volcano is placed, from the
eastern border of the Salar de Atacama until the westerrebofdhe Puna, a temporal classifica-
tion can be made, starting from volcano sedimentary uniabéozoic age until the Pleistocene-
Holocene volcanic deposits.

Some of the oldest rocks of this region can be identified asaval sedimentary successions
representing the product of a magmatic zone at the Pacifigimaf Gondwana that can be traced
from the Peruvian Andes until the Antarctic PeninsiBaejtkreuz and Zejl1994. In the north
Chilean Precordillera and Western Cordillera, these ungtgeouped in the Peine Groupdhlburg
and Breitkreuz1991).

East of the Salar de Atacama a long chain of outcrops of volsadimentary units of the Peine
Group is exposed (see figukeb), considering basic lavas intercalated with volcanogsaicd-
stones in the Peine formation which overlies unconforméidyCas formation, formed mainly by
siliceous ash, lapilli tuffs and flows. Peine formation haet dated between 290 and 229 Ma
(Gardeweg et al.1998 Breitkreuz and Zejl1994. The Allana and Cuyuguas hills formed by
sedimentary and volcanic rocks are lithologically simitathe Cas formation, and are intruded by
different granites, aplites and andesitic dykBeejtkreuz and Zejl1994 Gardeweg et al1994).

In the whole area of study, it is possible to distinguish a @erocover mainly formed by vol-
cano sedimentary rocks of different ages. Paleogene demasi be found to the south and west
of Lascar volcano, identified as the Quepe strata, compossdnalstones, volcano-clastic con-
glomerates and lutites. Much more extended in the surfatfeecdrea around Lascar are the rocks
formed by the Miocene to Pliocene magmatism of the Altipt&uma volcanic compleXDe Silva
1989.
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Figure 2.5: Geological map of the area east of Salar de AtacaomBreitkreuz and Zei(1994).
A, B and C represent 3 zones to the E of the Salar de Atacambpag sn the leftmost image.

The ignimbrites asociated with the evolution of the Pliczgalcanism form a slightly sloping
plateau which covers most of the pre-Cenozoic rocks. Toca@mabAtana ignimbrites appear
to have been generated from La Pacana caldera, one of tlestiaggurgent calderas in South
America (60 x 35 k), and part of the Altiplano Puna Volcanic Complex. Toconaa naller
volume, crystal poor and rhyolitic ignimbrite. With an agetween 4.0-5.8 MaGardeweg and
Ramirez 1987 Lindsay et al. 200J), it is considered as a pre caldera ignimbrite. The Atana
ignimbrite is a large volume, homogeneous, crystal rich dacitic ignimbrite, with an age of
4 Ma and it is associated with the formation (collapse) oflthePacana calder&ardeweg and
Ramirez 1987, with a volume estimation of 2500 khfLindsay et al.200]). Following caldera
collapse and formation of the resurgent Atana block, séweyatal-rich dacitic-rhyolitic domes
formed along the margin of the resurgent block. K-Ar agesstiat this post-caldera volcanism
continued from 4 to 2 Ma, indicating that the La Pacana magmsgstem was active for at least 2
Ma after the main eruption.
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2.2. Evolution of Lascar volcano

Other younger ignimbrites present in the zone are:

- Tucucaro and Patao ignimbrites, rhyolitic poor in crystatith ages between 2.9 and 3.2 Ma
(Gardeweg and Ramirez987).

- Pampa Chamaca ignimbrite, rhyolitic of age between 2.4 abdvia (Gardeweg and Ramirgz
1987 Lindsay et al.2001).

2.2 Evolution of Lascar volcano

Lascar volcano developed in the western margin of the Altiplabout 30 km east of the Salar
de Atacama on Pre-Cenozoic basement rocks. Itis located22336741'W and has an altitude
of 5592m above sea level. It corresponds to a volcanic massiposed of two stratovolcanoes
with ejection centers separated by 1.6 km. Its craters r8@0hm diameter each. An aerial view
of this volcano is presented in figueb.

Lascar is bounded by two major volcanic centers. To the S@/ Tumisa volcano consists
of a dome complex of highly porphyritic dacite, surroundgdalfan of pyroclastic flow deposits
(Matthews et al.1997). The Tumisa complex has K-Ar dates ranging between 2.5 ahd/@.
Aguas Calientes volcano, east of Lascar consists of hordelandesite and dacite lavas. All Las-
car pyroclastic deposits are younger than Aguas Calientes.

The edifice of Lascar, from the first eruptive stage, is ctutstil essentially by lavas and an-
desitic pyroclasts (60.44% S} A second eruptive cycle developed three craters in roawthr
which were ejected pyroclastic fluxes and andesitic-datitidacitic lavas (70.87% Si The
most recent lava flux corresponds to an andesitic-basa@Bi®% SiQ) reaching 5.5 km through
the N-NW slope, maybe 500 or 600 years ago.

Its most recent activity has been characterized by exma=mivptions such as the one on April
1993, with vulcanian explosions, strombolian activity gsishian eruptions, with a column of
tephra and gases reaching 12000 m.

Its activity started before the last glacial maximum busd&n 50 ka years ago. According to
Matthews et al(1997) the volcanic history can be separated into four evolutipiséages, which
created an edifice aligned in an E-W direction. Stage | builedifice on the eastern side and
erupted pyroxene-andesite lavas, producing at the endso$tinge two andesitic pyroclastic flow
deposits (Saltar and Chaile). In stage Il the activity sHiftethe western side. Evidences indicate
that this stage produced a substancial dome complex whibden largely destroyed. The stage
Il Soncor eruption (radiocarbon age of 26.45 ka), the larggplosive eruption of the volcano,
produced 10-15 krhof mixed andesitic to dacitic pyroclastic flow deposits anidrge Plinian
fallout deposit. In stage Il a stratocone was construcfesllicic andesitic and dacitic lavas and
pyroclasts, built on top of the site of the Soncor eruptiohisTstage finished in a major andesitic
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explosive eruption, which generated scoria flow depositssknas the Tumbres deposits (9.2 ka).
Finally, stage IV activity shifted eastwards again to therently active part of the volcano. The
most significant eruption from stage 1V was the Tumbresi@ad.ava in the N-W (7.1 ka). This
flow was truncated by the formation of the first of three deelapse craters that document a
progressive westward migration of the center of activity.

Aguas
Qaliehtes

[

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

The volcanic rocks of Lascar are dominantly pyroxene amelasid dacite, although hornblende-
andesite and dacite have been identified from the Piedrasl&saand Soncor deposits. The mag-
mas commonly show evidence for mixing between mafic and edotomponents, indicating that
a fractionating magmatic system is periodically repleatskvith basaltic andesite magma. Sam-
ples of andesite lava (57.2-59.3 wt.% $j@rom the recent explosive activity (1986-1990) show
little or no evidence for mixing with more evolved comporserdut the products of the April 1993
and subsequent dome contain conspicuous compositiorzaiydal ejecta and lava (57.2-60.8 wt.%
Si0,). The presence of anhydrite phenocrysts in many samplelsiding the 1993 ejecta, indi-
cate high volatile pressure and the presence of a coexisi@ggnatic gas with high sulphur content
(Matthews et a].1997).
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Figure 2.7: Geology around Lascar volca@a(deweqg et al1998 showing the different evolu-
tionary stages. Scale 1:50.000.

Historically, its behavior has been recorded since 1848tdrak been characterized by contin-
uous fumarolic emissions and occasional vulcanian exmhasiThe activity of the volcano itself,
since 1984, can be described in terms of four eruptive cyeesording to the work and mea-
surements of different authors in the zone, summarizeMatthews et al(1997) as four cycles,
involving growth and subsidence of the lava dome and crg&es, completed by an explosive
event.

Cycle 1: Beginning with a reactivation of Lascar in 1984, pnéis® strong degassing. A vi-
olent vulcanian eruption occurred on 14-16 September 1686fing a column of ash and water
vapor to an altitude of 10 km above the crater. There is netctimbservation of lava dome subsi-
dence prior to the eruption, but there was a major decredsglinevel thermal activity, based on
remote sensing observatior@gpenheimer et gl1993 from 1984-1986.

Cycle 2: Between February and April 1989 a lava dome extrudechrapanied by strong
fumarolic emissions, subterranean noise and crater glowO&pber 1989 the dome started to
subside, and developed concentric annular fractures odsigbisidence in the center. Strong steam
eruptions were observed on 17 and 21 December 1989, pragdeirse, white clouds up to 2 km
above the crater. Three intense vulcanian explosions mtwn 20 February 1990 over a period
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of 5-10 minutes, forming eruption columns 8-14 km above ttagec. Bombs of dense vesicular
andesite, up to 1.5 m in diameter, are interpreted to be feaggrof the dome, and were found up
to 4 km from the vent.

Cycle 3: By March 1990 the dome had almost completely disappeaBetween February
and March 1992 a new lava dome was observed in the activer,cralated with a peak in 1.6
pm thermal radiance detected from satellit®@ppenheimer et al1993. Several minor explosive
eruptions occurred on 15 and 21 May and between June andn3eptd992. The initiation of
dome subsidence was first directly observed in November,1diS82ppearing almost completely
by March 1993. There was pronounced seismicity in JanuaayecM1993, consisting of abundant
long period earthquakes, which are conventionally inefeat to indicate degassing or magma
movement. On 19-20 April a substantial explosive eruptiocuored. This eruption was preceded
by two intense vulcanian eruptions on 18 April 1993, mamtag an eruption column during 19-
20 April between 5 and 25 km above the volcano, and generabiigpse pyroclastic flows to
the northwest, northeast and southeast of the volcanoddph over a large area of Paraguay,
Uruguay, Brazil and Argentina. Bombs up to 1.5 m diameter wewad in impact craters up to 5
km from the vent. An estimated 0.1 Krof magma was erupted, accompanied by 400 kTor. SO

Cycle 4: On 26 April 1993 a new dome was observed in the craiédr,aflat surface and an
estimated diameter of 380 m. Observations made on 19 Magateti that the dome had begun to
subside. An aerial photograph made by Fuerza Aerea de Chilé dane 1993 showed that further
collapse had occurred. A small vulcanian explosive erapticcurred in August. By 12 December
the shortwave infrared signal had fallen to zero, showirag ttome activity and degassing were
very low. On 17 December 1993 a vulcanian explosion prodacemiumn 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 detheruption of 1993, three
short-period, three component seismometers were placedeofianks of the volcano, together
with a broadband seismometer located on the NW flank of Ladwang the PISCO '94 experi-
ment (Proyecto de Investigacion Sismologica de la Cordili@ccidental 94). The results of this
study, detailed irHellweg (1999ab, 2000, show the presence of two different kinds of tremors,
rapid-fire and harmonic, and both seem to be generated bymeowef fluids in the volcano, most
probably water, steam or gas.

A SAR interferometry study developed during the last de¢ad@scar, detailed iPavez et al.
(2006, shows the ground deformation in the volcano based on tariesdata from European and
Japanese satellites acquired between 1993 and 2000. Uithisisticates that no persistent large
scale deformation could be detected for the sequence chmale eruptions after the April 1993
eruption. Post eruptive crater subsidence associateddeghssing at subsurface levels beneath
the central crater was evidenced and quantified.
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Chapter 3

Theoretical background of Magnetotellurics

Magnetotellurics is a geophysical method which uses @ewgnetic induction to investi-
gate the electrical conductivity distribution in the EartT is a passive method which uses as
signal source the variations of the natural external edetagnetic field originating from diverse
extraterrestrial processes and encompassing a broadwspedtfrequencies. The field variations
can be generally classified in: solar daily variations (&gations), magnetic storms, pulsations
and spherics. The spectra of these variations cover peanggng from 102 to 10° s and are gen-
erated by interaction between the solar wind and the magpleéve and ionosphere of our planet.
This method can be also active when the source is a contraitéitial signal, receiving the name
of CSMT (Controlled Source MT). The relationship between teeqa of the electromagnetic
waves and the penetration depth is given bydkia effect showing that with a broad frequency
band, depths up to several hundreds of kilometers can beetinag

The first publications about this theory, based on Maxwelfsations, where made Bikhonov
(1950 andCagniard1953, who designed the magnetotelluric sounding as a methaostdidying
the vertical variations in the electrical conductivitytdisution, in 1-D. It was not until the 1960’s
when different experiments (e.dikhonov and Berdichevsky1 966 showed that horizontal geo-
electric inhomogeneities can be the cause of great distarin the results of MT sounding, and
that magnetotellurics needed a theory considering thérefeagnetic field within the horizontally
inhomogeneous Earth.

The time varying external magnetic field in the lonosphedeiges according to Faraday’s law
in the Earth’s interior an electric field which in turn indgca secondary, internal magnetic field
(Ampere’s law). The induction process in a homogeneousapm medium is governed by the
Maxwell equations, which can be written as follows.
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VxE = —aa—f Faraday’s law of induction** Maxwell’s law) (3.2)
VxH = j+ 88—13 Ampere’s law 2"? Maxwell’s law) (3.2)
V-B =0 Gauss' law for magnetism (3.3)
V-D = g Gauss’ law (3.4)

WhereE is the electric field (in V/m)B is the magnetic field (in T)H is the magnetizing field
(in A/m), j} the current density owing to free charges (im&), D the electric displacement field
(in C/m?*) andq, the electric charge density owing to free charges.

Assuming that time-varying displacements currents (@gigiom polarization effects) are negligi-
ble compared with time-varying conduction currents, Angfselaw reduces to

VxH = j; (3.5)

For a linear isotropic medium, the material equations haenlshown to hold:

= uH (3.6)

—

= €k (3.7)

vl

For MT studies, variations in electrical permittivitieg @nd magnetic permeabilitieg) of
rocks are negligible compared with variations in bulk rockductivities, and free space values
(0 = 8.85 x 1072 Fm~t andyug = 1.2566 x 10~°Hm 1) are assumed.

Considering equatior5, 3.6and3.7, and also tha = o E (Ohm’s law), witho the conductivity
(in S/m), the Maxwell equations can be written in a compaanio

. OB

E = -2 .
V x > (3.8)
VxB = ok (3.9)
V-B = 0 (3.10)
vV.E =% (3.11)

€

Given the following identity,

VXVxVU=VYV-U) -V
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3.1. 1-D case

and considering tha¥ - B=0 (Gauss’ law for magnetism) and also the fact that no freeggsar
can be accumulated in a medium of uniform conductivity (= 0),i.e. V - D=0andV-E =0,
if the curl is applied to equatior&s8and3.9, the result will be the following:

_ . _ 2R — _ -
VxVXE = V(VOE) VZE =V x ( 815)
. E
= VQE—,uoaaa—t:O (3.12)

VxVxB = V(V-B)=V?B=Vx (uok

= V?B—pgo— =0 (3.13)

An important approximation adopted is the assumption ofaa@lpolarized wave vertically
incident on the conductive Earth, which means that thecadrtiariations of the electromagnetic
field are much more important than the horizontal ones. Té&ssimption is based in the large
distance between the source of these electromagnetic ywaiesh is in the lonosphere, and the
observation point, which is in the Earth’s surface, mor&th@0 km away.

3.1 1-Dcase

Starting now with the simplest case of an homogeneous paltes(extending in z-direction),
and considering the fields with harmonic temporal variatiéi, equatior8.12can be solved with
a solution of the form:

E = E %9 4 Byeitte (3.14)

Assuming that the Earth does not generate electromagmetigye only dissipates or absorbsiit,
should diminish as z increasesEarth’s radius), implying thak, = 0.
Taking the second derivative of the previous equation,

—— =B eV = q2ﬁ (3.15)
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o . * OF .
And considering that in an half-space mo%@ =0 anda— = 0, we can evaluate our solution
€z Y

in equation3.12, obtaining:
VQE ey = iW/LQUE = q2E
z

0
= q=iwuo = /W /2 + i/ wio /2 (3.16)

and the inverse of the real part of q:

p =1/Re(q) = \/2/poow (3.17)

is known as the electromagnesikin depth This penetration factor depends on the angular fre-
qguency and conductivity of the medium in which the wave isppigating. As larger is the fre-
guency, the stronger is the attenuation, and the penetrdgpth becomes smaller. The value
C =1/q = p/2 —ip/2 is referred to as the Schmucker-Weidelt transfer functidne transfer
function C' establishes a linear relationship between the physicagrties that are measured in
the field. Considerings, = E,,e™“!~9:

= —qF, (3.18)

0z
Comparing equation3.18and3.8,

0E, _%
Dz Ot

E E
— —wB,=—qE,=>C=1/qg= —* — _ v
why =4 /4 iwB,  iwB,

(3.19)

ThereforeC' can be calculated from measurgg and B, fields, or equivalently”, and B, fields,
and if C' is known, the resistivity of the homogeneous half-space lmigalculated combining
equations3.16and3.19 obtaining:

1
p=1/0=—Fpw= IO prow[VmA™ (3.20)

lq|

Now, extending the previous result for a N-layered halfegpavithin every layer with conduc-
tivity o,, we can find a solution of the form given in equati®i4

Emn(qnu W) - ElnGZWt_qnz + Eznezwt+qnz

= ap(qn,w)e " + b, (g, w)et?? (3.21)
In the same way, the magnetic field within the nth layer is giog:

Byn(gn,w) = (G, w)e™ T + by (qn, w)e (3.22)
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3.2. 2D case, TE and TM modes

Assuming that we could measukg,, and B,,,, the transfer functiold' according to eq3.19will
be given by:

C(z) = Eun(2)

Substituting equation3.21and3.22into equatior.23 it is possible to derive expressions for the
transfer functions at the top and bottom of the nth lagér;, ; andC,,(z,) respectively. Based
on the continuity of the field components at the transitiamfithe nth to the (n-1)th layer,

Culn) = lim Colz) = lm Cria(2) = Cria(20) (3.24)
Wait obtained, in 1954, a recursion formula to calculatetthesfer function at the top of the nth
layer, if the transfer function at the top of the (n+1)th lajeeknown:
1 ¢uCrsi(z0) + tanh(gnly)

Cn(zn-1) = 3.25
(Z 1) dn 1 + qncn-i-l (Zn)tanh’(inn) ( )

Wherel,, = z, — z,_1. In this n-layer scenario, it is possible to define the cohoé@pparent
resistivityas the average resistivity of an equivalent homogeneotspate as follows:

pa(w) = |C(w)[* pow
And the correspondeminpedance phase
¢1-p =tan"'(E,/B,)

Weidelt, in 1972, linked these two parameters via the Kraakgonig relationship, which states
thatp,(7") can be predicted from(T") except for a scaling factop,. The impossibility to predict
the absolute level of thg, (7") curve from the impedance phase in some 2D and 3D conductivity
distributions, whereas the shape can be predicted, reftexssatic shiftphenomenon.

3.2 2D case, TE and TM modes

The 1-D situation in magnetotellurics is clearly a very dlifigrd case, and in practice one
should be able to resolve this problem in at least 2 dimessiassuming continuity in one direc-
tion. This could be the case of a dyke or a fault with an appnaxely 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 stant conductivity along its strike,
let us define the x-direction as the strike of this body, ared2B conductivity to ber(y, z), as
well as its reciprocal, the 2D resistivity asy, z). The 2D profile direction, y, is also horizontal,
and z is vertical and increases downwards. Since the EMsfeale treated as plane waves, which
means that the interaction between electric and magnelils feee always orthogonal with each
other and therefore the horizontal component of the magfietd tangential to the conductivity
strike does not depend on the magnetic field component peiqéar to it, the Maxwell equations
can be decoupled into two polarization modes:
- The TE-mode (sometimes called E-parallel, B-perpendiar&-polarization), refers to the tan-
gential electric field with respect to the strike, in whicle #lectric currents flow perpendicular to
the 2D profile (along strike).
- The TM-mode (sometimes called E-perpendicular, B-pdratiB-polarization) refers to the tan-
gential magnetic field with respect to the strike, in whick turrents flow along the 2D profile
(perpendicular to strike).

Thus, this decoupling can be expressed as follows,

TE-mode TM-mode
0B 0B, oE, OF .
z YPy _ E z Yy _ B

dy 0z Hoo Be dy 0z Wb
oF, , B,
9. —iwB, 9. —poo By
oF, _ B,
ay WhH, ay o0 Ly

(3.26) (3.27)

3.3 Impedance Tensor

Considering the fluctuations in the components of the nawlegdtric and magnetic fields,
measured in orthogonal directions at the surface of thenhEtré orthogonal components of the
horizontal electric and magnetic fields are related via teetecal impedance Z [mV/T], which is
the ratio between the electrical and magnetic field compsnen

In an homogeneous media, the ratio of the orthogonal conmtsiegiven by (from equation
3.19:
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3.3. Impedance Tensor

7= (3.28)

Ey Zyw Zyy By
~—_———
A

Where each element of the impedance tensor is defingg as £;/B;, with i, j = z ory

In the 1-D case with conductivity varying only with depthetio the symmetry of the problem
it can be verified that,, = —7,, and thatZ,, = Z,, = 0.

In the 2D case, with the x or y direction aligned along the tetenagnetic strike, the measured
horizontal electric and magnetic fields at the Earth-agriiaice in the frequency domain are related
by:

E,
E

Y

0 Zy
Zy O

B,
B

Y

(3.30)

Where the off-diagonal impedanc&s, andZ,, correspond to the TE and TM modes.
The impedance tensor can be rotated in any other coordigstens by an anglé, with the
rotation matrixR

Z, = RZR", whereR =

cost sinf ]

—sinfl  cosb

with positived describing a clockwise rotation from the coordinate systéu, .

In the general case, the apparent resistivity related th eamponent of the impedance tensor
is defined by:

poii = =21Zy(w)l (3.31)
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Chapter 3. Theoretical background of Magnetotellurics

while the phase of the impedance element, describing theepslaift between the electric and
magnetic field components:

B _
Zij = |_]|3¢ = ¢ij = PE, — PB; = tan ! <

Im{Z;;(w)}
- —) (3.32)

Re{Z;;}

ij

wherei, j = z,y andyg, andyp, are the phase of the electric and magnetic field components
respectively.
In an homogeneous space, the impedance phase is:

7= |2 Vis =1/ (3.33)
q HoO

which means that the electric field precedes the magnetitbhieh5, given by the diffusive pro-
cess of the EM plane waves propagation.

In a 1-D layered earth the phase increases ovemndten the EM-response penetrates into a
higher conductivity media. By analogy, the phase drops belBWwfor the electromagnetic re-
sponse penetrating into a less conductive media, meanadpyhthe diffusive process, the phase
shift between the orthogonal electric and magnetic field maments attenuates when the fields
penetrates into a less conductive media.

In the 1D/2D case the phases lie in the | or Il quadrant £j2] or [x, 37/2]), which means
that the real and imaginary parts of Zxy (or Zyx) have equahsiThis is due to the principle
of causality of the interaction between electric and magr&tlds induced in the earth, i.e., any
secondary field induced due to a conductivity contrast shoatessarily postdate the primary in-
cident field. By convention, the element Zxy is defined as pas#énd therefore Zyx is negative,
implying an impedance phase in the | and Il quadrant, respy.

One of the primary purposes of MT impedance tensor analgdis determine what the in-
trinsic dimensionality and directionality of the tensoe aand how those change with decreasing
frequency (increasing depth). Several parameters wilhbbeduced in order to analyze properly
the measured data and determine correctly the dimendipoéthe problem that we have to solve.
This analysis, carried out in the next chapter, will defing 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 thgnedotelluric data collected during
the field campaigns, before use it in inversions or modelgsadata processing was performed,
followed by a dimensionality analysis. Both procedures b&lclarified in this chapter.

4.1 Data processing

The digital time series collected in the field campaign camusianeously contain information
about many periods and, therefore, about many penetragjoths. The first step in data processing
consists in a preprocessing of the time series, in ordembove spikes and errors in the data. The
following step is to change to the frequency domain, for ghigpose a spectral analysis is carried
out considering the following procedure:

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

- Window tapering, in order to reduce spectral leakage anddthe bias.

- Cascade decimation, where each decimation step involtealasing low-pass filtering of the
time series with a recursive filter and then decimation.

- Spectral resolution, choosing the length of the data segme

After the spectral analysis, transfer functions need toddeutated, by solving the linear ex-
pansion of equatioB.29
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Chapter 4. Data processing and analysis

E, = Zac:c(w)Ba:(w)_}'Zwy(w)By(w) (41)
Ey, = Zy(w)B(w)+ Zyy(w)By(w) (4.2)

Because the plain wave source field assumption is only an gippaton, a statistical solution for
the MT impedance is required, so the remainder funciibw) is minimized, assuming that er-
rors in the measurements of the magnetic field are negligimepared to the errors in the electric
field, and considering th& independent segments in which the time series have beatediin
the Fast Fourier Transformation, equatidnsand4.2 can be re-written as follows:

Ep = ZysBuk + ZyyBys + 0By (4.4)

for k = 1...N. Then the standard least squares approach to solve thieprge.g.Sims et al.
(1971) leads to:

Z=(EB*)(BB")™ (4.5)
(4.6)

wherex denotes the complex conjugate transpose, and

<ﬂ%:(wwm<@%w>
(E,B.) (E,B,")

with
1 N
(XY™) = ¥ ,;1 XY,

In this work, a program developed liggbert and Bookef1986 has been used for the esti-
mation of the transfer function, which incorporates a rolsebeme that iteratively down-weights
data that do not fit the model of Gaussian distributed vaemfihe regression M-estimator, adopted
from Huber(1981). In this approach, we seek estimates of the transfer ifimét which mini-
mizes an expression of the form:
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4.1. Data processing

Y (—Ek _UB’“Z> 4.7)
k

whereo is a scale parameter used for normalizing the residugls, 1.5, andp(r) is a function of
the form:

r?/2 7| < 1o
plr) = ,
rolr| —ro?/2 r| = 7o

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

If the errors in the magnetic field measurements are notgiblgi(against the initial hypothe-
sis), the autopowers may amplify the noise in the measurkts fiseverely biasing the impedance
estimatesGamble et al.1979. The use of a remote magnetometer was proposed to obtam ref
ence fields, as the uncontaminated (natural) part of theceifield can be expected to be coherent
over a spatial scale of many kilometers and noise is gegaraidom and incoherent, the noise of
the remote station should be uncorrelated with any of theffelds at the MT station. Correlated
noise that is present in both, local and remote sites carmottnoved by this method. The use
of magnetic field as remote reference is preferred over theré field because horizontal mag-
netic fields exhibit greater homogeneity than electric §ahdthe vicinity of lateral heterogeneities,
are less susceptible to being polarized and are generabyclentaminated by noise than electric
fields. The distance between local and remote site that isssacy to realize the assumption of
uncorrelated noise depends on the noise source, intenelgakincy range and conductivity of the
sounding medium. Normally, the instruments are placedraékdometers apart, ensuring the
simultaneous data recording with the use of GPS clocks.

With remote reference processing, only cross spectra adraal magnetic field components
of local and remote sites appear in the solutiotZpbbtaining an unbiased estimation.

Also the elements of the induction vectors (explained imidlét sectiond.2.10f this chapter)
can be estimated similarly t8, and unbiased estimations can be obtained analogouslythéth
horizontal magnetic field of a remote site.

With these estimations of the impedance tensor is possib&btain the apparent resistivity
and phase curves, according to the definitions given in emms8.31and3.32 A comparison
between the apparent resistivities and phases foZtheand Z,, components of the impedance
tensor, obtained using single station processing and eened¢rence processing for one of the
AMT stations measured close to Lascar volcano is shown imeidL
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Figure 4.1: Apparent resistivity and phase curves, for thelAtation LO3. In this case, the phase
curves for both polarization modes are plotted in the firgtdyant. Curves obtained with single
site processing (left) and remote reference processiggtjrare shown for comparison.

4.2 Dimensionality and distortion analysis

The MT transfer functions can be affected by DC-currents, ihregferred to as galvanic dis-
tortion, produced by local conductive bodies, small 3Ddtrites which can impede the regional
exploration of the underground. In this sense, they are secatidistortion for the regional fields
and therefore the goal is to remove this effect and recoeerdagional information.

The separation of local and regional effects is a criticsliésin magnetotellurics. One way of
approaching this problem is by the use of distortion magsigéhich are used to represent the dis-
tortion of electric fields by near-surface inhomogeneitidsing 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 eledield would have had if the inho-
mogeneities were not present. Distortion matrices areulsdien they can be determined well
enough that their effect on data can be removed, and the dathecinterpreted using a simpler
model, such as a 2D model. The determination of a strike doglthe corresponding 2D case
using distortion matrix analysis was developed for the messsAMT and LMT data.

For some of the apparent resistivity curves of the measwatg] the transfer functions of some
sites are affected by static shift, caused by small scaldwgivity contrasts. This shift is called
“static” because the conservation of current at condugtdiscontinuities is not a time dependent
process, and therefore, this phenomenon does not affeghtie of the transfer function. The
phase tensor analysis is another way of approach to thidgmnoland allows to work with our
measured data without the influence of these small scaleuctiaitly contrasts.

The first parameter in study will be theduction vectorswhich are vector representations of
the complex ratios of vertical to horizontal magnetic fienponents. Since vertical magnetic
fields are generated by lateral conductivity gradientsyatidn 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 anaysill be the geomagnetic transfer
functions. Comparing them in different period ranges onehaase an idea of the different conduc-
tivity gradients that are playing a role in the studied zar& how good is the agreement between
the possible conductivity distribution and the suppositsda 2D or a 3D situation.

The vertical component of the magnetic field, as well as battizbntal components were
measured at every site, a good way to display these datang ungluction vectors, which are a
representation of the geomagnetic transfer functionsutatted as follows:

wherel’ = (T, 1T,)is often termed “tipper”, because the secondary field ofexdtonductivity
variation tilts the magnetic field out of its horizontal dit®n in a one-dimensional settinBrasse
et al, 2009.

Both 7, andT, are complex numbers. By taking the real and imaginary patiede values, one
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Chapter 4. Data processing and analysis

can obtain the following.

P = Re(T,)é, + Re(T,)é, (4.8)
Q = Im(T,)é, + Im(T,)é, (4.9)

Wheree, ande;, are unitary vectorsP and@ are the induction vectors, and with them it is possible
to identify conductive and resistive zones for the difféfe@quencies, depending on the behavior
of these vectors. According to the “Wiese convention”, usetthis work, induction vectors point
away from conductive zones.

These vectors were calculated for every measured pericathtstation. Some periods repre-
senting data in each decade for the LMT profile is shown in &gz

For periods between 10 s and 300 s, the induction vectorsilagdc along the LMT profile
seem to be influenced by local conductivity heterogeneiissno regional behavior can be no-
ticed. One of the local effects present in the western bavtitre profile is the effect of the Salar
de Atacama, as the induction vectors for the stations placte: Salar (ATA and SAL) are show-
ing a very small effect as they are surrounded by a highly gotiek zone, and in its borders (PAC,
PEI and PEN in the southern border) show very strong indnatéxtors pointing away from this
basin for periods between 10 s and 100 s.

Different is the situation between 300 s and 3000 s. For thigod range the induction vectors
at every station behave in the same way, pointing to the W-3¥Wsimilar intensities as is shown
in the image C of figuré.2 This result, obtained during the processing of the datasored in
2007 was one of the motivations to extend the profile to theeAtigian Puna in the following field
campaign conducted during January and February 2010. TWestagions placed at the eastern
border of this profile are not showing strong induction vess it is the case for all the other sta-
tions in the profile. This result, pointing to a strongly cantive anomaly under the Puna will be
treated in depth in the following chapters. After 3000 selspthe effect of this highly conductive
zone at the eastern border of the profile decreases, anddbetion vectors become weaker as
shown in the image D of figuré.2

The same behavior can be seen in the induction vectors atéduior the AMT stations. Also
between 300 s and 1000 s all the induction vectors are pgimtimirection W-SW (F in figure
4.3), showing the same influence as the LMT stations, and indig#tat the anomaly causing this
behavior for this period range extends also to the north@lMT profile. For the shortest peri-
ods the influence of the topography can be noticed espeaidihe stations closer to the volcanic
edifice (LO7 and LO8 in image A and B in figude3).
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Figure 4.2: Real induction vectors of LMT stations for pesad 10 s, 102 s, 1311 s and 7282 s.
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Figure 4.3: Real induction vectors of AMT stations for pedad 0.0078 s (frequency 128 Hz),
0.083 s (frequency 12 Hz), 2 s, 11 s, 89 s and 1024 s. Yellowglgeshows the position of Lascar
volcano.

At first sight, no large conductive anomaly under Lascar aotccould be inferred from the
analysis of the induction vectors of the stations surroogdi For the shortest periods, the topog-
raphy seems to play an important role as at the stationsrdlo$iee volcanic edifice the induction
vectors point away from it, as can be seen in the images A amdfigure4.3. However, for the
period range between 1 s and 80 s, the AMT stations show a ioehavich could be indicating
the presence of a conductive anomaly in the SE of Lascar nvol@anage D in figuret.3), where
small induction vectors are surrounded by larger ones pgjaway from this zone.

4.2.2 Galvanic distortions and Skew parameters

In magnetotelluric surveys, localized heterogeneitiesanductivity near the Earth’s surface
distort the electromagnetic response produced by the Iymaigiconductivity structure under in-
vestigation. As the period of the MT signals increases, dtide effects produced by the near-
surface structures decrease and eventually become g lgimpared with the inductive response
produced by the regional conductivity structure.

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

duce distortions that are usually referred testetic shifteffect, which can be caused by a multi-
dimensional conductivity contrast having depths and dsieers less than the true penetration
depth of the electromagnetic fields. Conductivity discantias cause local distortion of the am-
plitudes of electric fields as a result of conservation ottile charge, causing impedance mag-
nitudes to be enhanced or diminished by real scaling factssa result, the apparent resistivity
curves are affected by a parallel offset, but impedancegzhase not affected. Except of some
unusual cases where the distortion is very severe, thedmtakzmagnetic field components are not
significantly affected and the distortion in the electrometir field is almost entirely confined to

the electric field Jiracek 1990.

In order to solve this problem, distortion matrices are use@present the distortion of elec-
tric fields by near-surface inhomogeneities. Using digiarinatrices the distorted electric field is
written as a function of the values the electric field wouldenhad if the inhomogeneities were
not present. Distortion matrices are useful when they cashebermined well enough so that their
effect on data can be removed, and the data can be interpugtegla simpler model, such as a 2D
model Smith, 1995.

A non-dimensional rotational invariant parameter whictesges the departure from an ideal
2D model is the skew given b$wift (1967), considering:

S1 = Zyg + Zyy; So = Zyy + Zya (4.10)
Dy = Zyy — Zyy; Dy = Zyyy — Zyy (4.11)

The skew is given by:
ko= [Si]/|D:] (4.12)

In the case of multi-dimensional heterogeneities withigpdimensions significantly less than
the inductive scale length of the data, superposed on anag?® structure, and decomposing the
data into a local, non inductive response (galvanic) angiamnal inductive response, the elements
of the measured impedance tengain the regional coordinate:’, i) system will be proportional
to and in-phase with the elements of the regional impedafida the form Bahr, 1988:

O Z;ly/
Zw 0

Z=C

where C is the distortion matrix of frequency independeat reimbers, a consequence of the
distorted current which is in-phase with the regional eledteld. However, in an arbitrary coor-
dinate systentx, y), the phases of the two regional impedances will be mixecheaglements of
the tensor are linear combinations of thg, andZ,,
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Z = BCZypB"

The condition that in the coordinate system of the regiotitddes the tensor elements within each
column should have the same phase, allows to calculate tégormangle which defines the rota-
tion matrix g.

For cases in which no rotation angle can be found for whichpihases in the respective
columns of the impedance tensor are eq8ahr (1991 proposes minimizing the phase differ-
ence between the elements of each coluimn,

i
Zyz€’ Ly

Z = pC .
p Ly Zwye_“s

BT

The presence of a phase difference between the elementsioé@amn is expected if the anoma-
lous magnetic fields are not negligible. In this seBséir (1988 found a non-dimensional rota-
tional invariant parameter which is a measure for thesegtdferences, identified as the phase
sensitive skew:

(D1, So] =[S, Da)?

_ 4.13
n Dyl (4.13)

where,

[A, B] = Re(A)Im(B) — Re(B)Im(A)

with Dy, Ds, S; andS; as define in equations10and4.11

A skew value of zero supports the validity of the tellurictdision hypothesis, i.e., a perfect
regional 2D model can be identified, while greater valuegate the departure of this assumption.
Bahr gave a limit of 0.1 to test the validity of the galvanic rebdand 0.3 for the validity of this
model with small phase differences. A surpass of this linitld 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 tbenskew for all the period range
were calculated along the LMT profile. Considering both d&éns given in equationd.12and
4.13 these values are shown as contour plots in figude
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Figure 4.4: LMT profile showing the skewness in the defingiai Bahr (above) and Swift
(below). White and light tones indicate a skewness below &3a tentative measure for two-
dimensionality.

The same situation as in the induction vectors analysisaisgnt, with a relatively high skew-
ness for the shorter periods in several stations. A strofigeince of the Salar de Atacama basin
can be seen in the Swift's skew values for the stations PENP&idbut that does not affect the
phase sensitive skew. For periods around 100 s (and lang8midt’'s skew) between stations PEI
and SOP, the rise in the skewness until 0.3 could be relatddthe presence of intrusive rocks
belonging to the Cas formation. However, the small skew #inea wide period range and for
most of the stations measured along this profile shows the ggreement with the 2D assumption
in this zone, for periods between 10 s and 10000 s.

Analyzing now shallower depths with the AMT data, the skevghewing small values for
shortest periods at most stations, but an increase in thengles starts at 0.1 or 1 s, extending until
10 s in some cases (stations LO1 or LO2 in figlu® and until almost 100 s for some other stations
(stations LO3, LO8 or LO9 in figurd.5).
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Figure 4.5: Skew for six AMT stations according to Swift (laircles) and Bahr (red triangles)
definitions. Note that very high skew values in LO1 and L15&etn 1 s and 10 s are due to noise.
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4.2.3 Determination of the regional strike direction

There are many occasions on which the magnetotelluric isnpeltensor is affected by local
galvanic distortion of electric currents arising from ition in a conductive structure which is
approximately 2D on a regional scale. Even though the indridtehavior is 2D, the resulting
impedance tensor can be shown to have a 3D behavior. Decdops®f the impedance tensor
which separates the effects of 3-D channeling from thoseir2duction have been presented by

Bahr(1988, Groom and Bailey1989 andSmith(1995.

Considering a galvanic electric field? caused by electric charges that accumulate along con-
ductivity boundaries, and a regional electric fiéld, the galvanic electric field can be written in

terms of the regional electric field, followirfgmith (1995.
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4.2. Dimensionality and distortion analysis

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

E™ 1 ;
i _ +a ¢ £ _ D
By b 1+d E;

This matrix D is then the distortion matrix, similar to the matiixin the previous section. Now,
using a different parametrization, D can be written in aetéht way, as follows.

oS, —sinf3,
Je < sinf, ) Iy ( cosf3, ) ] (4.14)

The quantityg, is the amount in which the regional electric field in the x diren is amplified,
and/, is the amount this electric field has been rotated clockwi$e valuesy, and 3, have an
equivalent meaning but for the y direction.

Considering now equatiof.14and using this distorion matrix to relat&” and 2.

D=

(PYASRR YA

4" =DZ" = , ,
gyZm gyZ22

cosf, —sinf, ]

sinf,  cosp,

As there are four known complex components in #fe matrix (measured) and twelve unknowns
(92, 94, Bs, By, and the 4 compleX; j), the system has eight real equations for twelve unknowns.
To solve this undetermined system, the least restrictigaraption is that the regional geology is
2D. Then, in a coordinate system aligned with the region#testthe diagonal elements of the
regional impedance vanish, and the previous equation igeztio

0 ngIQ

z" = )
gyZ21 0

cosfy —sinf3, ]

sinfy  cosp,

Now the system can be solved with eight real equations foresikunknowns, and the problem is
now overdetermined.

Since 8, and 3, are frequency independent, estimates of their values campeved by
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Chapter 4. Data processing and analysis

estimating them together with a set of valuesgpf, andg,Z3, simultaneously at n different
frequencies, by minimizing the total misfit between the measZ™ and the estimated”" over
the n frequencies. Previous equation can be re-written as.

WhereZi, = g, Zl,c0s8:, Zi, = g,75,cosf3,, andZ,  is referred to the value at thith frequency,
while b = tanf, andé = —tanf, are frequency independent.

Using an iterative program based on the previous theoryldped bySmith (1995, it was
possible to calculate the strike direction for differentgas of frequencies. The strike direction
determination for the LMT profile, with data between 10 s af@d0 s was calculated for the
whole period range and also for three subdivisions, trymghtow the behavior of the shallower
(10-100 s), intermediate (100-1000 s) and deeper strige{@H0-10000 s).

i0s-10000s & S
: Salar de Atacama

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

10s-100s < ] S
i . Salar de Atacama

S
N

23°30'S; * g,

MR
24 003“0‘;1@ 204 Sal
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Figure 4.7: Strike direction determined for each LMT statemd Rose diagram calculated for a
period range between 10 s and 100 s.
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Figure 4.8: Strike direction determined for each LMT statémd Rose diagram calculated for a

period range between 100 s and 1000 s.
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Figure 4.9: Strike direction determined for each LMT statamd Rose diagram calculated for a

period range between 1000 s and 10000 s.

Looking at this analysis for the three decades of periodarsggly, it becomes clear that the
data for shallower depths has a 3D behavior, especiallyarfdrearc where the influence of the
Salar de Atacama basin in the stations close to it is verygtrdhe presence of a regional strike
can be well determined for the period range between 100 s @d@01s with a value close to -10
from the north. This result is consistent with the previgusiculated induction vectors, showing
no general pattern for the shorter periods until 80 s, andyieg more uniformly from there on.

The strike direction was also calculated for the AMT datdaoiing a similar result as in the
LMT case, with no clear direction for periods shorter thars,18s can be seen in figu4€lQ The
strike direction for the shortest period range (0.01 s - . hat shown in this figure, is also not

showing a clear direction.
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10s-100s 100 s-1000s

Figure 4.10: Strike direction for the AMT stations calceldfor 4 period ranges.

As with the AMT stations we measured periods between 0.0@3@4.000 s, this result is more
critical as in the LMT case, because a large part of our datanotbe treated as 2D. Therefore, a
3D model is required to explain the data measured aroundatastcano, especially for the first
km in depth. Different is the case for the LMT profile, for whithe 2D supposition seems to fit
the measured data well.

4.2.4 Phase tensor analysis

Although the amplitude of the observed electric field may kestically distorted by a near
surface heterogeneity, the phase relationship betweeeld¢otric and magnetic field vectors will
be virtually unaffected for this galvanic distortions. MBtbrtion analysis seeks then to recover
the regional phase relationship from a set of distorted nreasents, even when both the near
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4.2. Dimensionality and distortion analysis

surface heterogeneity and the regional conductivity stires are 3D.

It is possible to writeE™ (measured field) in terms of the impedance tensor consgleas
in the previous sections, a 2x2 real distortion matixand the regional fieldsi{” and B") as
follows:

— —

E"(w) = Z"(w)B"(w) = E™ = DE" = D(Z'B") = (DZ")B™ = Z™ = DZ'

The conditions under whicB™ = B" is a good approximation are discussediroom and Bahr
(1992, Singer(1992, Chave and Smitk1994) andUtada and Munekan@000.

According to these representatiodscan be separated in its red)and imaginary [) part as
follows.

Z™ = R™ +il™

Z"=R +il"= R™ = DR andI™ = DI"

Defining the phase tensor now, and using the equations above:
om — (Rm)_lfm — (DRr>—1D[r — (Rr)—lD—lD[r — (Rr>—1jr = P

Thus the observed and regional phase tensors are identccal@ependent of the distortion tensor.
No assumptions have been made about the nature or dimelityiafidhe regional conductivity
structure.

Written in terms of the real and imaginary componentg oh a Cartesian coordinate system
(x,y), the phase tensdr can be written as the following matrix.

Ryy[m - ny]ya: Ryy[aﬁy - Rwy]yy

o | P Doy | _ 1
Rxxjyx - Ryx[xx Rxac[yy - Ryxjxy

det(R)

Wheredet(R) = R, R,, — Ry, R, is the determinant of R.
For a graphical representation of the phase tensor, it isssacy to introduce some other
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parameters. These are the following.

1 D, — Py

Qyp + <I)yy
1 ®,, + D,y
o — _tan_l g
2 D,y — Dy,
D = (D17 + B32) + (2 + D37 — 0y%)V/2
Drin = (D12 + D32) — (D12 + D32 — §y%)Y/2 (4.15)

with &, &, and®; defined by,

O, = trace(P)/2 = (Pyy + Pyy)/2
Dy = det(®) = /PPy, — Puy Py
O3 = skew(P)/2 = (Pyy — Pya)/2

With the parameters defined in equatidn¥5 the graphical representation of the phase tensor
as an ellipse can be shown with the following figure.

X2

> Xq

Figure 4.11: Graphical representation of the phase te&adyvell et al, 2004).

The major and minor axes of the ellipse represent the praheipes and values of the tensor
with the orientation of the major axis specified by the angles. If the phase tensor is symmetric
(6 = 0), the orientation of the major axis is given by In the general case, the skew ang# (
is non-zero and represents the rotation of the major axiseophase tensor ellipse away from an
identically shaped ellipse represented by a symmetriotens

Different cases can be represented by the phase tensaeslli-or an uniform half-space, a
circle of unit radius represents the phase tensor at albgerilf the conductivity is both isotropic
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4.2. Dimensionality and distortion analysis

and 1-D, the radius of the circle will vary with period accmglto the variation of conductivity
with depth. In a 2D, or quasi 2D, situation whetés zero or close to zero, respectively, the phase-
tensor ellipse will have either its major or minor axes adidgnvith the geoelectric strike direction.

The phase tensor analysis was applied to our AMT and LMT d&ttating with the LMT data,
we obtain the following results.
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Figure 4.12: Phase tensor ellipses for the LMT profile noizedl by the maximum phase value,
color scale represents. The ellipses are plotted so that the horizontal axis cpomeds to an
east-west orientation. The segmented line encloses thsedlwith|5| < 5

As seen in figurd.12 the small3 values together with a consistent direction of the majorisem
axis is showing a behavior consistent with the 2D case ingelpart of the period range for most
of the measured stations. Many of the stations present agttlatsbehavior for longer periods,
probably due to a poor data quality. A different case seenetpresent under stations PEI and
SOP, where larger values @fwere obtained, until periods around 100 s. This result isisbent
with the Bahr’s and Swift's skew values shown in secio?.2 with a high skew value in the same
part of the profile.

Now, the color of the ellipses shows,,;,,, parameter which is an indicator of the vertical
conductivity gradient; values greater than® 4bdicate increasing conductivity with increasing
depth.
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Figure 4.13: Phase tensor ellipses for the LMT profile noizedl by the maximum phase value,
color scale represents,,;,. The segmented line encloses the ellipses witha ' ®,,,;,, > 45,
indicating increasing conductivity with depth.

Two zones with a relatively higfh,,,;,, are presentin the LMT profile, which could be indicating
the presence of conductive zones. Especially interessiige zone marked as B in figudel3
which is coincident with the hypothesis of a conductive zaonéer the Puna, signaled by the
analysis of the induction vectors for periods between 10@ds1®00 s.

A phase tensor analysis was also developed for the AMT smtidn this case, the phase
tensor ellipses are showing a relatively smaNalue, but with large variation in the major axis
direction of the ellipses, especially for the shorter pegsiandicating the inappropriateness of a 2D
analysis. In figuret.14 the phase tensor ellipses for the AMT data are colored septang®,,

a coordinate invariant which represents the geometric métre maximum and minimum phase
differences between the magnetic and electric field, thahesphase averaged over the inducing
field’s polarization directionHeise et al.2008 Hill et al., 2009. As ®,,;,,, this parameter provides
an indicator of the vertical conductivity gradient.

For the AMT stations, a high value df; 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@ssent in stations LO7 and LOS8,
placed at the southern slope of the volcanic edifice, andadlgee stations to the S.
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Figure 4.14: Phase tensor ellipses for the AMT stations abred by the maximum phase value,
color scale represents the ta®,, with &, = \/®,,,,.P,..,. Yellow triangle shows the position of
Lascar volcano.

Beyond 1 s, and until almost 108; becomes slowly smaller for the stations closer to the vol-
cano (LO7 and L08), but the stations to the south (L09, L16& &dd L12) are still showing higher
values. This could indicate the presence of a highly comeiizbne located at 1-5 km depth to the
south of the volcano, which is getting closer to the volcawonfthe south as the depth decreases.
The presence of a conductive zone to the south of the voldahese periods was also mentioned
in the induction vectors analysis section. In order to ffahe presence of features such as the
one indicated in the previous lines, 3D models were develoged the results are presented in the
following chapters.
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Chapter 5

Inversions and Models

5.1 2D Inversion of LMT data

According to the results obtained in the dimensionalitylgsia shown in the previous chapter,
a 2D model along the LMT profile could describe successfhiégyrneasured data. A 2D inversion
model was obtained using the Nonlinear Conjugate Gradidgsithm (NLCG), implemented by
Rodi and Mackig2001).

The strongly ill-posed nonlinear inverse problem of caltinlg the subsurface conductivity
distribution from magnetotelluric data, is solved with a &Booth model inversion routine which
finds regularized solutions (Tikhonov-type regularizajiosing the method of nonlinear conjugate
gradients by minimizing the objective function:

S(m) = [[Wa(d — F(m))[[* + 7|[Wn(m — mo)|[* (5.1)

with d denoting the data vecton, the model vector}V,; a data weight matrix (usually the data
variances) and- the regularization parametef’(m) is the model responsey, the starting or

an a priori model||...|| the norm, andV,, the regularization operator, often set as the Laplacian
(V2m)2. W, incorporates a weighting functian(z, z) allowing to penalize horizontal or vertical
exaggeration of model structures (R. Mackie, 2-D inversiamuoal):

t
m

m'Wt W,,m ~ /w(x, 2)(V*m)2dA (5.2)
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5.1. 2D Inversion of LMT data

integration is over model ared& If an uniform grid is chosen foi/,,,, then

w(z) = (2(k)/20)° for z > z and (5.3)
w(z) = 1 for z, <z (5.4)

wherez(k) is the thickness of the k-th row ang the minimum block thickness, which has to be
set manually.

As a graded grid was used (which is common in broadband elaegnetic modeling), this
procedure may lead to artifacts if vertical and horizontal gpacings are very different. Therefore
grid spacing was kept as uniform as possible within the regiointerest. We used this code to
invert tipper data, E and B polarization resistivities ahdges separately and also jointly.

The misfit between data and model response is calculatedasmean square error according
to:

s = = P W= Fm) 5

with N = number of data points. Under practical conditiong, contains only the main diagonal,
i.e., the data variances. Note that this misfit measure dispem the data errors and care must be
taken if analyzing a model fit by looking at the RMS alone; teiparticularly important if an error
floor is set.

In the NLCG implemented in the WinGLink software package i@t 2.20.02), some of the
main parameters which control the inversion are the folhgi
- Smoothest model or variations: The program can solve fosthoothest model or the smoothest
variations away from the starting model. Choosing smootyeesations is a useful way to do hy-
pothesis testing for different model parameters or feature
- Regularization Laplacian: It is possible to specify eithenniform grid Laplacian (which as-
sumes for the purposes of computing the regularizationtimm¢hat the dimensions of the model
are all equal) or standard Laplacian on the actual model mélsé uniform grid Laplacian may
produce smoother models, but at the expense of smearingdsdioth vertically and horizontally.
The standard Laplacian may produce a rougher-looking mbdethe definition of smoothness is
consistent with the model dimensions.
- Regularization Order: It's possible to minimize the graﬂMVmV of the model, or the Lapla-
cian(V?m)? of the model.
- 7 for smoothing operator: Is the regularization parametat tontrols the trade-off between fit-
ting the data and adhering to the model constraint. Largelesecause a smoother model at the
expense of a worse data fit.
- Weighting function: The first option specifies thefactor to multiply horizontal derivatives. A
value of 1.0 is recommended unless you want to increase ttimohtal smoothness. The second
line specifies3 in the weighting function. A value of 3.0 is recommended ihimiizing (V?m)?
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and a value of 1.0 is recommended if minimizif\gm/|*. 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 leset to this value. The error floor for
phase is entered in percentage.

Numerous experiments have to be conducted to achieve dithest-and reliable final model.
These tests, which should be a standard procedure in nearliregularized inversion, are briefly
mentioned here: 1) variation of the starting model and imidgeof the ocean; 2) exploration
of model space by varying the regularization parameteyielding a trade-off curve (ideally L-
shaped) between RMS fit (root mean square) and model rougfhstsss et al.2005; 3) assign-
ing specific error floors to individual components, i.e., Tl @M mode resistivities and phases,
and tipper data, as well as checking for static effects; A$isigity tests and tests of (in)significant
model features; 5) discretization; 6) convergence and murobiterations. Another important
aspect is to check individual components separately: ddéfevent boundary conditions at inter-
faces, TE and TM mode impedances and geomagnetic transigrdans are sensitive to different
subsurface structures

Typical values used for the different parameters contrglthe inversion are the following.

- Solve for the smoothest model

- Minimize the integral of the LaplaciafVv?m)?

- Error Floor forp: 20 %

- Error Floor for¢: 5°

- T,. Data (error floor forf,): 0.02 (abs.)

- Minimum frequency: 0.0001 for LMT data

- 7 for smoothing operator: For the determination of this pagtem an analysis of the trade-off
between data fitting (RMS) and smoothness of the model is sapes-igures.1is showing a plot
relating these two values.

RMS

o 500 1000 1500
Roughness

Figure 5.1: Tradeoff between roughness and RMS. The roughsiesntrolled byr indicated in
this plot next to the red dots.
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5.1. 2D Inversion of LMT data

A value of 7 = 10 was selected as a good trade-off between data fittingrandteness. For
larger values, the RMS increase rapidly, while for smalléues, the RMS become smaller but the
smoothness of the model decreases strongly.

With the previously defined parameters and the data measardte first field campaign
(2007), during 2008 and 2009 several 2D inversions were musrder to achieve a reliable re-
sult, obtaining the model shown in figube2
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Figure 5.2: 2D inversion of LMT data (10 s - 10000 s) measunatihd the first field campaign
in 2007. RMS: 1.759

One of the most interesting features of the 2D inversionltesowwn in figure5.2is the large
highly conductive zone present at the eastern border ofribfdgy which seems to be the source
of the induction vector’s behavior at 500-1000 s, and whigh be seen in all the stations. The
presence of this conductive zone just outside the profiletested by several sensitivity tests, but
in order to constrain its size and extension, more statioried east of the profile were needed.
The lack of stations in this part of the profile, as well as s@aps in the original profile were
solved in the second field campaign carried out during Jgraraat February 2010.

Now including the new data set available, new 2D inversiamgHis profile were made con-
sidering a starting model which includes the Pacific Oceaheénwestenrmost side, the Salar de
Atacama basin and the subducting slab. The sea was repdsena very conductive layer of 0.3
m, extending from the coast and reaching depths of 6 km irémeh. The other very conductive
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zone, the Salar de Atacama basin, was also represented wegistivity of 0.1Q)m, but reaching

a depth of 1 km. On the other hand, the subducting slab wassepted as a resistive zone of 500
Qm, extending in depth from the trench to the east, approxngahe depths of the Wadati-Benioff
zone indicated byCahill and Isack$1992. These features were part of the starting solution, but
were not locked in the grid, so they could change their valudsevery iteration.
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Figure 5.3: Starting model for the inversion of LMT data imtihg the sea (red layer, top left) and
the Salar de Atacama basin (red layer, top center) as candlgyers, and the subducting slab as
a resistive zone (in light blue).

The frequency range used in the inversion of this profile tevben 0.0001 Hz and 0.1 Hz for
the LMT data. Several inversions were calculated, in ordesete the changes that each of the
parameters that control the inversion produce.

Stations ATA and SAL were placed directly in the Salar de Ataa basin and due to the im-
possibility of digging holes for electric probes, due to éx¢remely hard saline cover found in the
central part of this basin, their data consist of magnetid fireasurements and no electric field
data is available for these stations. Without the impedé&esor, both stations were used only in
the inversions of tipper data. The 2D inversion of tippeadatd a 2D inversion (without stations
ATA and SAL) with a starting model as shown in figuse3 and the typical values described pre-
viously, is also presented in figube4
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Figure 5.4: 2D inversion of LMT data. (A) 2D inversion of tigpdata only, including stations
ATA and SAL, RMS: 1.661. (B) 2D inversion of tipper, TE and TM nasg RMS: 1.957. Note
that stations ATA and SAL were not considered for the joinension shown in the image below,
as for these stations no electric fields but only magnetidgielere measured.

The 2D inversion with TE mode, TM mode and tipper (shown inriégud B) has a RMS of
1.957, where the fitting between the measured and calcwatads for each station can be seen
in figure5.5.
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MOR RMS = 1.719 CNE RMS = 2.471 PAC RMS = 2.469 PEN RMS = 1.850
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Figure 5.5: Comparison between measured and calculatedrdatahe 2D inversion of TE, TM
and tipper shown in figurb.4 B. Dots are measured data and curves are the data calculdated wi
the 2D inversion program.
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5.1. 2D Inversion of LMT data

Concerning the starting model used for the previously shol@nir®ersion, no significant
changes were obtained by using this kind of starting modews in figure5.3) instead of an
homogeneous half-space of 10@, as the same features that characterize the previousiynsho
2D inversion are present in both cases.

Sensitivity tests were carried out in order to estimate ffexts of changes in the parameters,
and the robustness of the features characterizing thesav@sions. Only slight changes in the
shape of these features were observed, and their relatsiggmoand size remained practically
unchanged. Several tests were also carried out in ordertter besolve the boundaries of these
features, especially with regard to depth extent. For tgélfiiconductive zone below the Puna,
which in the inversion result is reaching depths~df20 km, several test were tried with the 2D
forward modeling tool, using the inversion result as startnodel. The relative conductive zone
which seems to escape from the highly conductive zone bletleatuna, and which is extending
until 40-50 km below the volcanic arc was also tested, in otoléiscard possible artifacts needed
for the 2D inversion process. Setting the resistivity osthone to a value of 100m instead of
10-2092m presented in the model shown in figlrd B, the model responses present some slight
but perceptible changes as shown in fighre

nN
log p [@m]

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
distance [km] TSl

Figure 5.6: Comparison between measured data (dots) and mesgenses (lines) for station
SOC, located in the western border of the volcanic arc for dod model based on the 2D
inversion result shown in figurg4 B, without the relatively conductive zone beneath the vatcan
arc (enclosed by a segmented line). The black arrow is itidig#he slight but perceptible misfit
between 100 and 1000 s in the TE curve due to the absence @l#teely conductive zone.

Now, changing the resistivity to a value of 100n below the highly conductive zone beneath
the Puna, and setting its bottom at different depths, thaildd results are shown in figuber.
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Figure 5.7: Comparison between measured data (dots) and mesgenses (lines) for station
ARC, located in the Argentinian Puna, for a forward model basethe 2D inversion result shown
in figure 5.4 B, with the bottom of the highly conductive zone below the Pseaiat (A) 35 km ,
(B) 55 km and (C) 80 km

The result shown in figurB.7 for station ARC is analogue to those obtained for stations INC
and OLA, placed also in the Argentinian Puna. The changeefdWwer edge of the conductive
zone affects especially the TE mode of these stations fdotiger 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 eag only 35 km in depth the fit

is clearly poor for the last decade, when this conductiveezeaches 60 km the differences are
smaller but still clear. For a conductive zone extending 86tkm or more, the behavior of the TE
mode also seems to escape from the trend observed in the nre@asia, but only for the largest
periods. For periods larger than 7000 s, the measured d#ta Btations above the anomaly have
low quality and therefore were not considered for the ine&sor this analysis. Hence, the lower
boundary of the highly conductive zone beneath the Punangatan the 2D inversion should
extend at least until 60 km depth, and very likely until mdrart 80 km. Note, that the original
structures appeared again after the inversion was staregcagain, and that the same results were
observed using constrained inversions.

For the resistive block beneath the Precordillera, sinsjarthetic models were calculated in
order to test its extension in depth, but changes in itscadréxtension are strongly affecting the
responses in apparent resistivity and phase of the weststratations (e.g. MOR, CNE and PAC),
and therefore this feature seems to extend also through @i MAnother explanation points to
the presence of two resistive zones, one extending in theneortal crust, above the other which is
extending under the Moho. A comparison between the respmirssech a model and the measured
data can be seen in the figuses.

o e TE
10 A T™M

£ 10* a
I3 AAAAAAAAAAN KA AAA A ANA A
o

80 100 120 140 160 180 200 220 240 260 280 300 07
distance [km] Tsl

Figure 5.8: Comparison between measured data (dots) and mesgenses (lines) for station
CNE, located in the Domeyko Cordillera, for a forward modeldaaen the 2D inversion result
shown in figure5.4 B, with the highly resistive zone at the western border dididetwo parts.
Note the larger misfit observed for the TM curve compared withresponse of the 2D inversion
for the same station, shown in figuseb

Even when the apparent resistivity curve for the TM mode éngdrevious result is shifted with
respect to the measured data, the tipper values and particthhe phases present a good fitting
with the measured data and therefore, the idea of two diffegasistive zones producing this large
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Chapter 5. Inversions and Models

anomaly in this part of the profile will be considered in theenpretation of this model.

The main features present in the 2D inversion are consigiéimsome of the major geological
features in the area. The presence of a resistive zone ingbtem side of the Salar de Atacama
basin and the good conductor representing this basin,itsefflatively conductive zone under the
volcanic arc, and a larger and deeper highly conductive bemeath the Puna is present in the
data, and are not artifacts produced by the inversion pso@dkthese features of the 2D inversion
result will be analyzed and interpreted in the following jotea.

5.2 3D forward modeling

The 3D forward model calculation implemented in the WinGdsoftware package (version
2.20.02), uses the MT3FWD code written by Randy Mackie. Dgedan 1999, MT3FWD is a
program to compute magnetic and electric fields at the seidéea 3D electrical resistivity model
illuminated by electromagnetic plane waves. It is a modifiesion of DSMTFWD?2 released by
Mackie and Madden in 1997. The MT 3D modeling algorithm ukesrtegral form of Maxwell’s
equations to derive a finite difference, second order appration for the magnetic field. Non-
divergence of the magnetic field is enforced by evaluatireyrttagnetic and electric fields on
grids that are staggered relative to one another. The reglihear system is solved by precondi-
tioned conjugate gradient relaxation. Convergence is densbly enhanced by explicit correction
of residual failure of the non-divergence condition. Thgoaithm is discussed iMackie et al.
(19949.

The program assumes that 2D structure parallel to each edgi@aes uniformly to infinity in
the direction normal to the edge. The tangential magnetutsfi@re assigned using 2D calculations
for each edge. The edges parallel to the source magnetionfitldave electric currents flowing
normal to them and thus TE mode calculations are done. Thesgugrpendicular to the source
magnetic field will have currents flowing parallel to them.these cases, the tangential magnetic
fields are zero. Relaxation is faster if a good estimate of dhgtisn is provided at the start. The
program interpolates the vertical boundary fields to formithitial guess in a way that the fields
should already be a solution to the interior fields if the masl@D rather than 3D.

3D forward modeling was performed with the AMT data obtaif@cthe closest sites around
the Lascar volcano, trying to find the synthetic model whiththe best with the real data set that
has been measured.

The first steps to develop a 3D forward model are related \wighdefinition of the grid in 3D.
The parameters that control the size of the grid and eaclotci#le grid are the following:

- Determination of the area of interest and the horizontthlstze (500m x 500m).
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5.2. 3D forward modeling

- Determination of the initial rho value (1d0m).

- Number of air layers above the ground level (value used: 10)

- Determination of the vertical spacing, which is given bg tlertical size of the first cell (100 m)
and a vertical factor that controls how the cells are becgrarger with depth (value used: 1.35).

- Determination of the padding value, which indicates hoestae cells growing horizontally, in
the x and y directions (value used: 1,7).

Considering the previous values of cell size and paddingfdbe study area is discretized, with
a central part of the grid just where a ring of AMT stations \wéced around Lascar. From this
central part, with approx. 20 x 20 Kmthe cells are becoming larger in the E-W and N-S direc-
tions, as can be seen in figuse.
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Figure 5.9: Discretization of the study area around Lagoathe development of a 3D forward
model. Central part of the grid (approx. 20 x 20 Rnwith 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 scenarioseviested, in order to see the effect
of the topography in the model responses and the hypothptiesence 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 shiowthe Data processing and
analysischapter. The following examples illustrate the behaviothef magnetotelluric response
in presence of some simple cases of 3D inhomogeneitiesyznglthe behavior of apparent re-
sistivity, phase and induction vectors.
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Figure 5.10: Effect of a conductive anomaly with distancendiative block of 1.5 km x 3 km

x 1 km and resistivity of 12m, placed between 500 and 1500 m depth. Results according to th
positions shown in A, B and C. Yellow star represents the mé@agsite. 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 50600 xn in the horizontal direc-
tions, and 100 m in the vertical direction in the central mdrthe grid, and becoming gradually
larger outside this central part and with depth. The firdtseewn here (fig5.10 deals with the
effect of distance between the measuring point and an ayomal

The effect of an anomaly closer to the station can be clearig@d in the previous figure, as
the fields induced by the anomaly are stronger as closer tstdétien they are. The same happens
when the same anomaly is placed not between 500 m and 1500th dapbetween 2000 m and
3000 m, as the presence of such an anomaly at those depthmédxestightly detectable analyzing
the same parameters.

Now, the effect of the relative position between station andmaly will be analyzed.

The results shown in figurg. 11 give a clear example of how important is the relative positio
between the anomaly and the measuring point. ComparingtisitigaA and B, one may notice
exactly the same behavior in the apparent resistivitiesprases, but with one very important
exception: The xy and yx components are exchanged, whiche&xplained regarding the rota-
tional symmetry of this situation, analogous to & 8tation of the impedance tensor. Therefore,
the induction vectors, depending on the horizontal andoartomponents of the magnetic field,
are showing the same magnitude but in a perpendicular girect

More interesting remarks can be inferred from situationsnB &, as in this case the same
conductive block is located to the N and S of the station. yriab the apparent resistivities and
phases it is not possible to find any difference, because #iymitudes of the different components
of the electric and magnetic field observed in the statioritegesame, but with the opposite direc-
tions, and therefore obtaining the same impedance tensateak difference can only be found
analyzing the induction vectors, which are showing the saragnitudes but opposite directions,
obtained by the opposite signs of the vertical magnetic fieldponents in cases B and C. Situa-
tion D is also a special case, because if one only takes imttouat the apparent resistivities and
phases, and due to the symmetry of the modeled block, it sklesrthie result of a 1D situation,
as the curves of apparent resistivities and phases for lmbénipation modes shown here, are be-
having in the same way for every period. Again the inductiecters are giving an important hint,
indicating an increase in conductivity to the SE of the etatand therefore discarding the 1D case.
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Figure 5.11: Effect of the relative position between angnaadd station. Conductive block of
approx. 4 km x 4 km x 1 km and resistivity of @m, placed between 500 and 1500 m depth.
Results according to the positions shown in A, B, C and D. Yektav represents the measuring
site.

Another test consists of checking the effect of a conducee placed to the E of the mea-
suring point and extending until different depths, or préisg different resistivities. In case A
of figure5.12the curves shown are the response of a conductive zonéaf $tarting at 500 m
depth and extending until 1500 m. The effect observed carob®gared with the results of case
B, in which the conductive zone of2m 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 meaglyxinoticed in one component
of the impedance tensor (yx in this case) than in the othem(xlyis case). Comparing now cases
B and C, in which the conductive zone is the same as in case B, ittuawesistivity of 1002m, the
other component (xy in this case) is now exposing more clehd differences of both cases. If
such anomalies were placed at larger depths, the compavmad be much more difficult, as the
differences of the obtained results would be much sligliieg, to the continuous loss of resolution
when increasing depth.
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Figure 5.12: Effect of a different depth extension and tasig contrast. Conductive block of
approx. 4 km x 4 km horizontal area. Case (A) resistivity dth, placed between 500 and
1500 m depth, case (B) resistivity oftdm, placed between 500 and 10000 m depth, and case (C)

resistivity of 10Qm, placed between 500 and 10000 m depth. Yellow star repretenmeasuring
site.
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5.2.2 Topographic effect

For a real consideration of the topographic effect in magpedtric measurements in this re-
gion, a 3D model was developed considering that everythahgybthe surface has the same resis-
tivity (100 dm), so the only parameter which can influence the measuremneetite topography.
This was done considering the same measurement points anwie real data was measured.

Ohm.m
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10 Aguas 6309,6

Lascar Calientes 3981,1

25119

AW / 1584'9

1000,0
631,0

398 1 Ay
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100,0

Z[km]

Y(W-E)[km]

Figure 5.13: 3D model for the topographic effect estimatiview from the south, Lascar and
Aguas Calientes volcanoes.

With this model considering a half-space of 10, the effect of the topography for some of
the sites for apparent resistivity, phase and inductiotorecan be compared with the measured
data, as shown in figufe 14
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Figure 5.14: Real data and topographic effect shown as apip@sstivity curves, phase curves
and induction vectors for sites LO1 and LO8. For the curvesied lines are real data and contin-
uous lines are modeled data. Cell size of the central parteofrtbdel is 500 m x 500 m x 100

m.

These two sites where chosen to represent the behavior wfibgraphic effect in sites placed
at different distances from the volcanic edifice, as L0O8 ated at the south-eastern slope, and
LO1 is placed at-4 km to the west of it. For these sites and also the othersnthection vectors
point away from the main topographic highs, as they are comgubodies compared with the
air. This can be shown particularly for site LO8, in which thduction vectors obtained from the
model are stronger than in the other sites, because of gerchmsition to Lascar volcano, and are
showing the same trend as the measured data for the shaiteagentil almost 1 s. It can be seen
also an effect in the apparent resistivity curves, whichpfeniods larger tham0—* or 1072 s, start
to distance from the real value of 100n, going up or down some tens 9im depending on the
position and the proximity to the main highs.

Due to the memory capacity of the computer in which these fsodere made, the smallest
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cell size, in the central part of the model, was 500 m in the EBW N-S directions, and 100 m
in depth. A second model was made, reducing the cell size @omi& 100 m x 100 m in the
central part of the model, but also the size of the centralwas reduced, considering only the
Lascar volcano area with a small cell size. Smaller cellssizere not possible to achieve with the
memory capacity of a currently normal computer (2 GB). Figtb presents the results of this
model for the same stations shown previously in fighdeld
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Figure 5.15: Real data and topographic effect shown as apipa@sstivity curves, phase curves
and induction vectors for sites LO1 and L08. For the curvested lines are measured data and
continuous lines are modeled data. Cell size of the centralopghe model is 100 m x 100 m x
100 m. Note that, as in the previous case, model responsesibamuch similarity with data, so
additional structures are necessary

A finer grid can represent better the topography of this regamd therefore is giving a better
estimation of the influence of this topography in the mea$udia. This can be observed partic-
ularly for the induction vectors in site LO8, which are showia slightly better fitting than in the
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previous results using a larger cell size. Even when a sn@lesize gives slightly better results,
the use of this cell size leads to the use of a smaller cerdgrabpthe grid (due to computer capac-
ity restrictions) giving more influence to Lascar volcanad aabtracting it from other topographic
highs in the zone, which are closer to other stations.

Hence, it is possible to infer from the previous results tiat topographic effect plays a
stronger role for the sites very close to the topographih©$idor example site LO8, but even
in this case its influence is not enough to explain the belhafithe 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 Lagdeano, it becomes clear that
some conductive heterogeneities are needed in the modedtbethe vicinity of the volcano, in or-
der to fit the measured data. The shape, extension andvigistithese bodies will be restricted
comparing in every case the response of these models, vetm#asured apparent resistivities,
phases and induction vectors.

Some features were added to the starting model, in ordechode some important character-
istics of the study zone. The Salar de Atacama basin was severy conductive zone (2m)
reaching depths of1 km. Some kilometers beneath the Salar de Atacama, a veditick was
placed (100d2m), extending between 10 and 60 km beneath the surface, engullae presence
of the Atacama Block&churr and Rietbrogk004). However, these features prove to be not re-
ally essential after some tests, as they are located rel\afiar from the volcano and most of the
stations, and therefore not included in the last tests.

No difference in conductivity between crust and mantle wesumed in these models, as no
clear difference have been seen in the LMT inversions. Tkeditempts were focused on deter-
mining the presence of a conductive zone beneath the valedgiifice. One of these first attempts
is presented in figurb.16

Checking the fit of the first forward modeling attempts (as infggs.17) in which just one
conductive block was placed directly under the volcancgd@ss clear that such a feature can not
explain the observed data, at least not by itself, but thidccbe because of the particular shape,
extension or resistivity present in these models. Theeefeeveral models including conductive
zones beneath the volcano at different depths, with diftesezes, shapes and resistivities were
tested (e.g. figur.18), obtaining in all the cases a very poor fit.
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Figure 5.17: Comparison between measured data and modehsssfor 3 sites around Lascar
for the model shown in figurg.16 Continuous lines and blue arrows represent the modeled data
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Figure 5.18: Examples of different modeling attempts witiaue conductive zone beneath the
volcano. In these examples the red zones are representasistivity of 1Qm, green of 1002m
and blue of 80G2m.

A more complicated scenario is needed in order to fit the medslata all around the volcano.
More than one highly conductive body in the proximity of th@oano is necessary, and now the
question is related with the location, geometry and how ootide are these bodies in the sub-
surface. In order to find a solution to this problem, the phassor analysis could give some
good hints, by analyzing the phase tensor ellipses catulifar the measured data, shown in the
previous chapter.

One very interesting feature regarding the phase tenspsed, was shown in figu#e14 For
periods between 1 s and 5 s, only the sites to the S-SE of tisanmIshow a high value @,
indicating an increase of conductivity with depth, whicimat the case for the stations to the N or
the W of the volcano. The value @f, continues decreasing with period, and for 8 s, only station
9 has a high value ob,, and for 10 s all the stations show low values. For the sanmegeange,
the induction vectors are also indicating the presence ainauctive zone in the same place, as
shown in figure4.3.
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Following this result, conductive zones not just under tbleano, but also to the S and/or SE
were added to the 3D models to improve the fit. Another feaadaed to the 3D model, placed
in the NW flank of the volcano, was a relatively conductivedial 02m) which extends between
300 and 600 meters below the surface. Several models weee iasluding these features, trying
to define the shape and the depths of each zone, and how tleggeshnfluenced each station. In
figure5.19it is shown one of these models, the fitting for 9 stations @ashin figure5.21

In figure5.19a good conductor was placed to the S of the volcano, reaclejpidns of~ 25 km.
Several models were tested in order to determine the shejeaseon and depth of this conductive
zone, and how this changes affect the fitting between the imd@ad real data. Models with one
single conductive zone to the south of the volcano were de$tat the results for the southern
stations (LO7, LO8, L09 and L12) were improved by the inadasof 2 conductive zones, a smaller
one directly to the south of the volcano beneath stationsdr@7L.08, and a second and larger one,
which is located~5 km to the S of the first one. These two conductive zones maypivescted at
shallow depths, and the depth range for each of this congumtines will be discussed later.

Another feature which was added during the modeling prooessa resistive zone located
to the W of site LO4. This resistive zone, extending in depitil ®-7 km, can be related with a
similar feature present in the 2D inversion for the LMT pmféind geologically can be explained

by intrusive bodies seen in that zone in the Cuyuguas and &ldlts, related with the southern
Cas and Peine formationBritkreuz and Zejl1994).
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Figure 5.19: 3D model including a conductive zone extendmthe S of Lascar. This model

includes the Atacama Block and the Salar de Atacama, whichetaBvely far from the central
part of the grid.
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Figure 5.20: 3D view from the southeast of the model showngur&5.19 The segmented line
in image A is marking the zone shown in image B. In this figureyahé conductive zones (<30
2m) and resistive zones (> 1000n) are shown. A conductive zone of 1&%n to the southeast of
the volcano is extending 12 km in depth close to it and 25 knrejotld further to the south. S-Ais
the Salar de Atacama, modeled as a thin conductive zorelém. A-B is the Atacama block,
modeled as a resistive zone starting at 5 km beneath thed&akltacama and extending 60 km in
depth. No vertical exaggeration.
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Figure 5.21: Comparison between measured data and the sespbthe model shown in figure
5.19and for 9 sites around Lascar volcano. Main diagonal elesnarg not considered here as
they are rather noisy and difficult to fit (comes from78).

The first models included the Atacama Block, propose8&d&iyurr and Rietbroc{004), but as
it was already mentioned, its presence was not essentidddatata fit, and therefore not included
in the following tests.

In early 2010, 3 new AMT sites were measured around Lascaawol (stations L14, L15 and
L16), specifically in the southeastern side, achieving tebebverage in the area where a conduc
tive zone was inferred by the forward models computed wighpteviously measured data. New
models were calculated including these 3 new constrainoigtg, obtaining models as the one
depicted in figure$.22 5.23and5.24

In this model the resistive block at the eastern border ofSlar de Atacama was also con-
sidered. The new data is also in good agreement with the madauding a conductive zone
extending to the southeast of the volcano, even when someéfsatares were added to the model
in order to improve the fit in the new stations. The new datdaivie, particularly from site L15 is
giving new hints indicating the presence of a conductiveezdose to this station, as the induction
vectors are much weaker in this station than in the otheostatn the surroundings.
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Figure 5.22: 3D model including a conductive zone extendinthe S of Lascar.
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 figuse22 The segmented line in this image is
marking the zone shown in figuig24 In this figure only the conductive zones (<8bn) and
resistive zones (> 1002m) are shown. Note the presence of the resistive block atabtem
border of the Salar de Atacama reaching 10 km depth. The ctimdwone of 1-52m to the

southeast of the volcano is shown in detail in figbr24
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Figure 5.24: Detailed view of the model shown in fig&&3 In this figure only the conductive
zones (<30d2m) and resistive zones (> 1000n) are shown. A conductive zone of 165n to the

southeast of the volcano is extending 12 km in depth closeatod 25 km further to the south. No
vertical exaggeration.
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Figure 5.25: Comparison between measured data and the sespbtihhe model shown in figure

5.22and5.24for 9 sites around Lascar volcano (comes fron8]).
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Another important feature included at this stage in the 3Wv&wd models was related to the
behavior of the induction vectors for periods between 100001s, requiring the presence of a
highly conductive zone to the E-NE and between 10 and 70 krthdeghich can be seen in the
model shown in figuré.27. The horizontal extension of this highly conductive zoneldanot
be completely defined, because of the relatively small sizbengrid used for these 3D forward
models, which is concentrated in the volcanic edifice andutsoundings. This feature should be
related with the highly conductive zone obtained beneatPilna in the 2D inversion results.

Several attempts were carried out in order to constrain @heluctive zone to the S-SE of the
volcano, and defining the minimum depth extension needed tioefimeasured data. Models in-
cluding a conductive zone reaching km beneath the surface seem to be enough.

By the end of this work, more than 250 models were constructedder to test different con-
ductive or resistive features present in this area, beiagrnbdel represented in figuré26 and
5.27the best fitted (regarding all the stations around the valcand particularly induction vec-
tors), and therefore considered as the resulting modelko3ihforward modeling with AMT data
around Lascar volcano.

These results will be analyzed and compared with other gesigdi and geological data ob-

tained for this zone in chapt&; in order to check the possible sources that could be praduci
conductive structures as the ones obtained for the best fittelels.
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Figure 5.26: 3D model including a conductive zone extendiinpe S of Lascar, plain view at 2
km depth. Depth extension of the conductive structure iegahkm beneath the surface.
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Figure 5.27: 3D view from the southeast of the model shownguré5.26 The segmented line
in image A is marking the zone shown in image B. In this figureydhé conductive zones (<30
2m) and resistive zones (> 1000m) are shown. A conductive zone of 1¢8n to the southeast
of the volcano is extending 1.5 km in depth close to it and 6 knther to the south. Another
conductive zone of ©'m to the east of the volcano is extending between 10 and 70 kth.dso
vertical exaggeration.
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Figure 5.28: Comparison between measured data and the sespbthe model shown in figure
5.26and5.27for 9 sites around Lascar volcano (comes fron8%p).

5.3 3D inversion of AMT data

Another tool available in the search for a model which canhiit ineasured data, is the 3D
inversion program implemented by W. Siripunvaraporn. WSBRNWIT (Siripunvaraporn et al.
2009 is a 3D inversion program extended and implemented from2Dedata space Occam’s
inversion Siripunvaraporn and Egbe000, seeking the minimum structure model subject to an
appropriate fit to the data. The difficulties associated #ithuse of Occam’s approach to 3D MT
inversion, due to the size of the model parameter M, can becoree with a data-space approach,
where matrix dimensions depend on the size of the data sati&nthan M. As in general N< M
for MT data, as discussed Biripunvaraporn and Egb&f2000, the transformation of the inverse
problem to the data-space can significantly improve the etatipnal efficiency, making the 3D
inversion practical for normal PC’s. In Occam’s inversidme tsmoothest " model, subject to an
appropriate fit to the data is achieved by finding stationaints of an unconstrained functional
U(m, \):

Um,\) = (m—mg)"Cp " (m—mg)+ A" {(d— Flm])"C; ' (d — Flm]) — X.” (5.6)
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5.3. 3D inversion of AMT data

wherem is the resistivity modelmn, the prior model,C,, the model covariance matrix, the
observed datal’[m] the model responsé;, the data covariance matriX, the desired level of
misfit, and\~! a Lagrange multiplier. To find the stationary points5o6, the penalty function
Wy (m) should be differentiated with respectita Where the penalty function is given by:

Wi(m) = (m —mo)" Cp = (m —mg) + X {(d — Flm])"Cy~'(d — Fm])} (5.7)

When\ is fixed , bothU andV, have the same stationary points. By minimizing with a
series of)\, the stationary points df can be obtained.

Because of the non-linearity of the MT inverse problem, arattee approach is required,
based on linearizing'[m)],

Flmya] = Flmy, + Am] = Flmy] + Ji(mp1 — my) (5.8)

Here, the subscript denotes the iteration number, add = (0F/0m),. is the NxM sensitivity
matrix calculated atn;. Substituting equatios.8in 1, (m), and finding the stationary points, we
obtain a series of iterative approximate solutions:

M1 (A) = A[Cr "+ T I Ca X + mo (5.9)

where, X, = d — F[my] + Jx(mi, — mg), and the “model-space cross product” mafrix® =
J,TCy 71T, is a MxM positive semi-definite symmetric matrix. In orderftod the stationary
points of equatiorb.6, in each iteration equatiob.9 is computed with a series of trial values of
\. The goal of iterations in the early stages is to bring thefimi®wn to the target levek,?,
and once the misfit reaches the desired level, the model dfeshaorm which keep that misfit is
sought using different values af

As shown inSiripunvaraporn et al2005, the solution for iteratiork can be expressed as a
linear combination of rows of the smoothed sensitivity rixaf¥,,.J” :

M1 — My = CkaTﬁkH (5-10)

Where ;.1 is an unknown expansion coefficient vector of the basis funst[CkaT}j; j =
1...N. Substituting equatioB.10into a linearized form of equatidh 7, and solving for its station-
ary points, it is possible to obtain a series of iterativaisohs:

Bir1 = [ANCyq + T 7' X, (5.11)

with I, = J,C,,J,." the NxN “data-space cross product”. As well as with the saaidnodel-
space Occam’s inversion, it is possible to salye; using equations.11, update the model and
then compute the misfit, all of these calculations with vagioalues of\. The main difference
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Chapter 5. Inversions and Models

of solving the problem with the “model-space cross prodoctthe “data-space cross product” is
that the dimension of the system of equations to be solvedeasignificantly reduced using the
second one.

In order to efficiently use the WSINV3DMT inversion programgdollowing the recommen-
dations given by its authors, a subset of the data was chesgelnding sites with poor data quality
and selecting only 3 periods per decade, reducing the siteeatata (N) and therefore the CPU
time of the inversion. The size of the model (M) was given by tliscretization of the area of
interest around the Lascar volcano, with a cell size of 20001800 m x 250 m in the x, y and z
directions respectively. This grid is rougher as the onel fisethe 3D forward modeling, but with
finer grids the program was unable to run on a 2 GB RAM computeis discretization does not
include topography, because the inversion of a model wigbdoaphy was not implemented in the
current version of the program used.

Several inversions with different parameters were catedldeading to fix the parameters con-
trolling the inversion at the following values:

- Error floor of the data: 10 %

- Initial model (n, in equations.6) was considered as an homogeneous halfspace dR&0

- Target RMS . ” in equations.6): 1

- Model lenght scale, which controls the model covariari¢g (h equation5.6): Time step ¢) =
10,96 = 0.1 in the three directions.

- Lagrange informationX in equation5.6): Starting\ = 1, step size (irlog,, scale) = 0.5

The 3D inversion program used, tries to fit the measured datainparing it with the complete
impedance tensor of the models produced. However, no iovefisr geomagnetic transfer func-
tions is implemented in this inversion program. In order togerly compare the results obtained
from the 3D inversion program and the ones obtained fromdhedrd modeling, the calculation
and comparison of modeled and measured induction vectorseded. Both, this problem and
the lack of topography were solved using WinGlink. The tsgg&ce model was imported, placing
above it a discretized topography and making a forward nioglebbtaining the necessary files for
the calculation and comparison of impedance tensor andrtipp

The result of this 3D inversion, shown in figuse29, is showing as in the previously developed
forward modeling, a highly conductive zone placed just uh@ecar volcano, but only for shallow
depths (less than 2 km under the surface). For larger depth8 km), there is a conductive zone
placed to the S-E of the volcano and elongated to the S. Theaason of apparent resistivity and
phase of the off-diagonal elements of the impedance tetogm@ther with the induction vectors for
measured and modeled data is shown in figuB8 Around Lascar volcano, the apparent resistiv-
ities and phases are showing a good fit, as can be seen fok8itek03 or L0O8, even when these
last two are showing some shift in the apparent resistivityes.
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5.3. 3D inversion of AMT data
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Figure 5.29: Result of a 3D inversion with AMT data around laaseolcano. Red indicates
conductive zonesy1 2m), green, intermediate zonesX00{2m) and blue, resistive zones 1000
m). The altitude of these plan sections is indicated in tpdeéi corner of each image (consider
that the surface is at4000 m).

The same is observed for the sites placed at larger distdrmesthe volcano, as L09 and
L12, for which the fitting between the obtained curves andctivees from the measured data is
guite good. However, by comparing the induction vectorsimiatd from the 3D inversion and the
measured ones, they coincide only for some sites, as L12fcanbe sites close to the volcanic
edifice, as L08, the modeled induction vectors are repregpadifferent scenario as the measured
ones. This result was expected as the 3D inversion routiee fias this work is not trying to fit the
tipper data, but only the impedance tensor of the measurtad &@me stations (e.g. LO3) were
affected by static shift, produced by the presence of canguanomalies close to the surface or
due to the effect of the topography. The inclusion of toppgyan inversion routines could help to
better estimate the static shift effect expected at eatiostand try to define whether this effect
comes from the topography or from heterogeneities in thiékasthaubsurface.
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Figure 5.30: Apparent resistivity and phase of the off-dizg elements of the impedance tensor,
together with the induction vectors for measured and maldeta for six different sites around
Lascar.
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5.3. 3D inversion of AMT data

Nevertheless, the obtained 3D model gives some hints abewonductivity structure around
the volcano, even though it does not fit the complete datal'betconductive structures present in
this inversion are placed in very similar places as the sires modeled with the forward modeling
tool, also to the southeast of the volcano, and extendinbrost the same depth range, even when
the shape of this structures is different. Again, no largedoctive zones extending until 5 or 10
km in depth were obtained directly beneath the volcanic eglifi
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Chapter 6

Interpretation of the measured data

In order to have a more complete interpretation of the datanext step in this study will be
to join the models and results obtained from the magnetoieltlata and its implications with the
geological and geophysical background for the study asgmsed in the previous chapters.

6.1 3D modeling results around Lascar volcano

During the modeling and inversion of the magnetotelluritcadzollected around Lascar vol-
cano, some features were obtained, being necessary fochievament of a good data fit. These
features are the following:

- Resistive block to the W of the volcanic arc, close to statifa.

- Shallow conductors beneath the volcano and its surrogsdigspecially close to stations LO1
and LO3 (around 10m).

- Deep conductive structure extending from the volcano ¢0Sk, and deeper in the southern ex-
treme of this zone.

The occurrence of a resistive body to the west of station IsOdupported by the induction
vectors calculated for the AMT stations. For periods betw@@625 s and 11 s, stations L04 and
LO5 show very strong induction vectors in opposite diratdi¢see figuré.1), clearly away from
the trend of all the other stations, which show much weakdugtion vectors.
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6.1. 3D modeling results around Lascar volcano
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Figure 6.1: Induction vectors at four different periodsiestn 0.0625 s (16 Hz) and 11 s.

The presence of a resistive block in this part of the profileld¢doe related to the intrusive
bodies of Cenozoic age in the zone, between the Cuyugas anmbAlls, as shown in figuré.2
These intrusive outcrops, covered by volcano-sedimestgyences of Permo-Triassic age can be
just the upper part of an intrusive system that extends foreskilometers into the crust.
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Figure 6.2: Geology of Cuyugas and Allana hills, and its positelative to the AMT sites.
Geology extracted frorBreitkreuz and Zei(1994.

residual gravity

Figure 6.3: Isostatic residual gravity frofa6tze et al. (1994, showing a gravity high to the
north-west, east and south of the Salar de Atacama basiar &lAtacama as well as the 3500
m elevation contour line is drawn here for orientation. Editmage extracted froif8churr 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 Atadaasin, together with the re-
sistive zone observed in the LMT profile between stations &tel SOP (shown in figurg.30,
south-east of the same basin, are related to a local higreigrwity field observed around the
Salar de Atacama, shown in figuBe3. Gotze et al(1994 speculate that large amounts of mafic
intrusives from an Ordovician subduction zone might beoasgble for the gravity anomaly, while
Schurr and Rietbrock004) relate this anomaly with the high-pressure, low-tempesaPermian
metamorphic rocks that crop out in the Sierra de Limon Vectlese to Calama, where the high
gravity zone continues to the northwest.

In order to analyze the conductive properties of the shatdayers, it is important to refer
to the surface geology which characterizes the zone arduadtofile. Lascar volcano stands
principally on magmatic and volcano sedimentary rocks dé®zoic age and sedimentary rocks
of Tertiary age Ramirez and Gardewed982. Miocene to Pliocene volcanism has produced
lavas and domes (andesitic, dacitic and rhyolitic) and sonp@rtant ignimbrites (Pliocene) that
have covered the Paleozoic and Tertiary deposits refelr@eea Concentrating in the zone around
Lascar volcano, it is characterized by volcanic units depdsince the Pliocene (units Q3I, Q3t,
P3lI, P3t in figure6.4), with the presence of Miocene domes to the east (unit Ms8gimre 6.4)
associated with La Pacana Caldera. To the west and south fubst wolcano, sedimentary and
volcano sedimentary units of Paleozoic (Carboniferousrizer) age can be identified (unit CP2
in figure 6.4), and also a magmatic and volcanic unit of Permian-Triage @nit Ptrg in figure

6.4).

TN e, KRR
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Figure 6.4: Extract from the Geological Map of Chile 1:1.@@0 (SERNAGEOMIN, 2002).
Units P3I, P3t, Q3l and Q3t are ignimbrites and volcanicafiiam Pliocene and Quaternary ages;
Ms3l are domes of Miocene age and CP2 and Ptrg are Paleozoamwblnd volcano sedimentary
units.
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Chapter 6. Interpretation of the measured data

Most of the volcano sedimentary units near the surface wer@etad with resistivity values
between 100 and 500m, with higher values in the volcanic edifice, reaching 800. In places
where sedimentary basins are present, as the Salar de Agliast€a(close to station L10 and
L11) the surface resistivity obtained from the models is msmaller, reaching 1-10m in the
first hundred meters. The situation in the north-westera gfdhe volcano is different, because the
relatively conductive zones present in this part of the n®dee not extending from the surface,
but between 300 and 800 m in depth, with resistivities of 208, which could be related with the
presence of an hydrothermal system in this area and hot sjarieigs to the north of the volcano.
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Figure 6.5: Some of the main faults present around Lascaawol In blue, the Olacapato -
El Toro fault system inferred frorMatteini et al.(20023, and the Puntas Negras volcanic chain
related to it Matteini et al, 2002ab). In green, the Miscanti Fault system and its northward
prolongation Aron et al.(2008; Gonzalez et ali2009 and F. Aguilera, pers. comm.). The main
volcanic centers are named as follows. S: Saltar, La: Lagcakguas Calientes, C: Corona, T:
Tumisa, O: Overo, L: Lejia, Ch: Chiliques, M: Miscanti, Mi: M@ues. 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 rdlafiéh the presence of the Olacapato
- El Toro fault system (OTF, also known as Calama - Olacapatolot (Matteini et al, 2002a
Petrinovic et al.2005). The OTF, one of the most extensive lineaments in the Clehtdes, is a
left-lateral transcurrent fault system running approxeha700 km from the Pacific coast of Chile
to the Eastern Cordillera in NW Argentin&dlfity, 1985 Marret et al, 1994). This lineament, as
others present in this part of the Andes (e.g. ArchibarcEGaCulampaja-Farallon Negro) co-
incide with southeastward-trending volcanic breakoutsifthe main arc, suggesting a structural
control on Miocene magmatism. Such is the case of the Purggsalll volcanic center, and the
Aguas Calientes and Negra Muerta calderas, further to then$ltei Argentinian Puna and also
related to the Olacapato-El Toro fault zoiefrinovic et al.2005 Riller et al, 2001). The spatial
coincidence of transverse volcanic ranges with these fawes points to a genetic relationship
between faulting and caldera formation. However, clearcstiral field evidence for a kinematic
link between prominent faults and volcano-tectonic stites is sparse as most of the calderas’
substrates, which would potentially host such structuaes pbscured by erupted materiRil{er
et al, 200)).

The presence of this fault system around Lascar volcanauoeg in this zone by volcanic
or other superficial deposits, could play an important roléhe enhancement of conductivity at
shallow levels, in the emplacement of magma beneath thismily active volcanic center, or even
in the ascent of magma through the volcano.

Another fault system which is playing an important role ia #mplacements or ascent of mag-
mas is the Miscanti fault system, which represents the gastest expression of the fold and thrust
belt systemAron et al, 2008. The emplacement of relatively old volcanic centers, ascérros
Corona and Saltar, seem to have been controlled by this fgstéérm Donoso et al.2005, as
well as young volcanic centers (Lejia, Lascar) which ar@ted very close to the fault or in N-S
lineaments parallel to this fault (e.g Mifiiques, Miscafhiliques and Overo). The coincidence
between the Miscanti fault and the western border of the ecinge zone obtained from the 3D
forward modeling is interesting considering the possibternpretation of this conductive zone as
a magmatic reservoir, trapped at shallow crustal levels {&&hd NW-SE fault systems in a com-
pressive environment, and reaching the surface as volsargagarasitic structures guided by the
same faults.

Several test were carried out in order to constrain the ddgtween which the high conductiv-
ity zone to the S-SE of the volcano should be placed in ordétroor data. As it was shown in the
previous chapter, the electromagnetic response measiuaestation depends not only on the size
of the anomalous body, but also on its resistivity, shaperaladive position. Analyzing the results
of one of the best fitted models obtained (5§26, the depth extension of the highly conductive
anomaly to the S-SE of the volcano is reachiv@km in its deeper part, beneath stations L09, L12
and L15, corresponding to one of the models with the smadlesth extension for the conductive
zone. The association of a conductive zone at this depthtivdthbresence of magma in this area as
a reservoir for Lascar volcano, is supported by the restilggochemical and petrological studies.
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Chapter 6. Interpretation of the measured data

This conductive structure is located along a N-S trend, betwLascar and Chiliques volca-
noes. As it was shown in the introduction of this work, Lasgalcano presented a strong activity
during the 1990’s, including the large explosive eruptibApril 1993. However, no evidence of a
magma deposit could be obtained from different measureswamtied out in this area, particularly
in seismic studies, e.dellweg (1999ab, 2000. According to these measurements and analysis,
the harmonic tremors measured in this volcano should beugextiby the movement of water or
gases, not magma, and they should be generated near theesjgitzsse to atmospheric pressure),
probably in the active crater. But even when these resulta@rpointing directly to the presence
of a magmat deposit, the phenomena producing the measdestsehydrothermal systems and
high pressure gases, need a heat source.
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Figure 6.6: View from the SE of the volcanic centers in thissaaf-rom the 3D forward modeling,
3 main conductive zones can be identified: zone A, extendmg the base of Lascar volcano
some hundreds of meters in depth; zone B, covering a wide attexdending to the SE of Lascar,
between 1 and 3 km beneath the surface; and zone C, which is sbtithern extreme of zone B,
but reaching larger depths and resistivities-df m.

Other volcanic centers in this area, as Chiliques volcaresgnt several youthful lava flows,
some of which are considered to be of Holocene age. Thiswolbad previously been considered
to be dormant, however, in 2002 a NASA nighttime thermalardd satellite image from the Ad-
vanced Spaceborne Thermal Emission and Reflection Radio(AS&&ER) 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 examimaf an earlier nighttime thermal
infrared image (May, 2000), showed no such hot spots. The reoent activity in the vicinity of
Chiligues volcano may have been the eruption that formed tregdhill, a young maar of 600 m
in diameter, erupted along a regional fault, which produbedeast silicic youthful volcanic rocks
found in this part of the Central Andedd Silva and Francj4991).

Following the results obtained from the 3D modeling, thecrartive zone to the SE of Lascar
volcano can be divided in two zones, one extending immedglitdethe S-SE of the volcano, and
to the south for 10 km, with a depth extension between 1 andk#+®elow the surface and a
resistivity of ~5 Qm. This conductive zone, marked as B in figété is shallower and less con-
ductive than its southern continuation, the zone A in figuB with a resistivity around £'m and
reaching depths of 7—10 km.

Petrological and geochemical experiments were performéuei Institut of Mineralogy of the
Leibniz Universitat Hannover and in the Geochemistry Dapant of the Geowissenschaftliches
Zentrum Goéttingen, with rock probes from different eruptapisodes of Lascar volcano. Based on
the measured composition of two main minerals, clinopynexand orthopyroxene using an elec-
tron microprobe and applying the results to the moddtatirka(2008), the formation conditions
for the volcanic rocks of different eruptive episodes of darswere inferred (figuré.7). Labora-
tory experiments trying to recover the mineral assembldigeived in rock probes from Lascar
volcano were also carried out, together with comparisohsdxen residual melt in the experiments
with the natural bulk rock composition observed in the psyli@order to check the formation con-
ditions of the erupted material. These experiments yiel possible magmatic chamber present
between 10-15 km depth, and a deeper one at 40 km depth (Atedrigéedn, pers. comm.).

If a magmatic chamber were present at 10-15 km depth, aogptalithe magnetotelluric data
it should be located to the S-SE of the volcano, in zone C showgure 6.6, which could extend
until 10 km depth and still fit the data, conforming a posskigat source for the different processes
observed in the surrounding area and in the volcanic ceotdhss zone. An alternative explana-
tion could be given by a deeper magmatic chamber (e.g. 15m$enting a resistivity not very
different to its surroundings (e.g. 20—80n), and therefore, obscured by the shallower and more
conductive zones inferred in this work and needed for a gadd fit. The magma in this case
should ascend by dyke-like structures, narrow enough nbetdetectable with magnetotelluric
measurements. 3D forward models including such a magmalraextending between -15 and
-20 km beneath the volcano together with all the other rgsisind conductive features needed
by the data, yield very similar results as models withoutigking its presence possible, but not
necessary for a representative 3D model.
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Figure 6.7: Pressure-Temperature plot for Clinopyroxergt @rthopyroxene present in rock
samples of the different evolutionary stages of Lascararayo(André Stechern, pers. comm.).

6.2 LMT data and 2D inversion

The tipper data for the first periods show clearly the inflgeatthe Salar de Atacama basin
between stations PEI and PAC, as a very conductive zone wsiktikgties of ~ 1 Qm. The
extremely high conductivity in the Salar de Atacama is naiipise, since in-situ measurements
in different small water springs inside the Salar showedieslaround 13 S/m at temperatures
of ~ 25°C, very conductive considering that sea water has an ave@ghuctivity of 3-4 S/m.
The depth of this conductive zone seems to be different aitsngxtension, as the eastern part
extends from the surface until 1 or 2 km, and the western jarns to reach larger depths, until
~ 5 km. This can be seen more clearly in the tipper inversionvsha figure5.4 A, reaching its
deeper part below the station ATA, and present in the jowgrision of the three modes (TE, TM
and tipper), between stations PEN and PAC (zone marked adfiuire 6.9). About the depth
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of the Salar de Atacama, studies including seismic linexatd a considerable lateral variation
in the v, depth distribution in the uppermost crust. A relativelytig > 6.3 km s was found

at shallower depths under the Cordon de Lila, surroundedetedist and west by a relatively low
velocity zone Reutter et a].2006. This high velocity zone can be considered here as the egem
of the Salar de Atacama, constituted by Carboniferous arrEomian to early Triassic volcanic
and sedimentary successions partly penetrated by lated€cets plutons in the western, southern
and southeastern borders of the SaRetter et al.2006. Above this basement, the basin fill
is mainly of Cretaceous to Holocene age and consists of an @pd0 m thick section of mainly
siliciclastic rocks, including the Cretaceous-EocenelRctis group, overlain by 1000-1600 m of
evaporitesuioz et al, 2002.

In figure 6.8, a density model calculated from a gravimetric profile at323S, 5 km to the
north of our LMT profile, shows a density distribution in whi@a northward extension of the
Cordon de Lila formation, with relatively high density is pél beneath the center of the Salar de
Atacama. To the west of this feature, a layered but fractametwe with lower densities extends
some kilometers in depth.
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Figure 6.8: Gravity profile and density model along a sectionugh the Salar de Atacama at
2332'S (Reutter et a].2006.
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Chapter 6. Interpretation of the measured data

Between the Cordon de Lila and the El Bordo escarpment (westadebof the Salar de
Atacama), several faults have been inferred based on gealatpta, gravity studies and seis-
mic experiments. These structures, originally normal dr&h treversed as a result of the strong
shortening experimented in this region during the Eocermkenaid-Miocene, could be playing an
important role in the infiltration of fluids to deeper leveltsthe southwestern zone of the Salar
de Atacama. Another hypothesis for the deeper extensioheotonductive zone to the west of
the Cordon de Lila, suggests that this tectonically deptegeae was a graben supported by the
original normal faults, and this basin concentrated oleé$a#ind evaporitic deposits which could
explain a greater thickness of this kind of sediments, ihclg perhaps horizons with fluids in this
zone (G. Chong, pers. comm.).

Concentrating now on the results at greater depths, thesioveof the tipper data (shown in
figure5.4A) indicates the presence of a highly resistive body diyelellow the Salar de Atacama
basin at depths between 10 and 60 km. However, this resutisseebe induced by two different
resistivity zones that are below the western and eastedeb®of this basin as can be seen in the
joint inversion of tipper, TE and TM modes shown in fig@®. The westernmost resistive zone
extends below the Domeyko Cordillera, formed by Late Carlgoaifs to Early Permian rhyolitic
ignimbrites and domes, associated with volumetrically anibasaltic to andesitic lavas and in-
truded by granitoid plutons which yield K/Ar, Rb/Sr and U/Rir¢on) ages ranging between 300
and 200 MalMpodozis et al.2005 1993 Breitkreuz and van Schmu$996).
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Figure 6.9: 2D inversion of tipper, TE and TM modes of LMT dateluding a roughly approxi-
mated Moho fromYuan et al (2000 and the Wadati-Benioff zone (W-B zone) approximated from
Cabhill and Isack$1992. The dashed area beneath the Puna is not resolved.
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6.2. LMT data and 2D inversion

The depth of this resistive zone is not well resolved, howéveould be the case that the re-
sistive crust under the Domeyko Cordillera, extending ua&D km (zone marked as A in figure
6.9), is followed in depth by a resistive downgoing slab (marksdA' in figure6.9), giving the
impression of a unigue resistive block.

Another resistive block is extending from the surface utflilkm depth between stations PEI
and SOC (marked as C in figuée9). This relatively shallow resistive zone underlies the Qas a
Peine formations which are partly penetrated by late Cretaplutons, as is also observed to the
S (below Cordon de Lila) and SW of the Salar de AtacaReutter et al.2006. The presence of
plutonism in this area, in the form of 3D resistive heterages, can explain the high skew values
observed in this part of the profile, as was shown in the pusvahapters (figuré.4).

A large and highly conductive zone is located 100 km to the eathe volcanic arc. This
zone, marked as D in figu&9, extends from 30 until 100 km depth, and seems to be relatiéd wi
a shallow conductive zone beneath station ARC (D” in figu® and also with a less conductive
zone ¢-10 ©2m) which departs from structure D to the west and upwardsijtreg in a relatively
conductive zone below the volcanic arc at 40 km depth (D’ inriég.9). The structures D, D’ and
D”, were subject to several sensitivity tests, showingrtyeaat the presence of all these structures
improved the convergence of the model.

The shallowest part of the conductive zone beneath the Palmeed as D” in figurés.9, co-
incides with the place where the Olacapato - El Toro faultesyscrosses the LMT profile. The
Olacapato - El Toro fault zone conforms a structural boupdathis plateau as all the historical
seismicity and micro seismicity in the Puna is located from tault zone to the south, and concen-
trated in the first 10 km depth, indicating a high geothermmatigent and a shallow brittle-ductile
transition Asch et al, 2009. This fault zone could be also providing paths for the irdtibn of
fluids from the surface, enhancing the conductivity at siwatiepths and therefore explaining the
presence of the conductive zone D”.

Analogous cases of conductive zones under the Altiplandedound in previous magnetotel-
luric studies Brasse et al2002 Brasse and Eydan2008 as well as more to the south under the
Puna, in the backarc of the northwestern Argentinean Andesagta et al.200Q Lezaeta and
Brasse2001), which are in good agreement with seismic studies showntefailed image of seis-
mic attenuation in the crust and uppermost mantle in the @eftrdes Yuan et al, 200Q Schurr
et al, 2003 Asch et al, 2006.

The anomalies in both cross-sections of fig8re0 (Schurr et al. 2003 are showing some
differences in shape, depth extent and Q value, indicatiragreer fast change with latitude, con-
sidering that both images are only 100 km away from each attiee N-S direction. Nevertheless,
the easternmost attenuation anomalies for both crosssech figure6.10coincide particularly
well with the shape and depth extent of the conductive anpalbtained from the 2D inversion
of magnetotelluric data. The westernmost attenuation ahgiplaced close to the volcanic arc in
both cross-sections, can be related to the relatively atiivduzone D’ shown in figuré.9, which
starts at 40 km depth and extends upwards and to the westlinkin beneath the active vol-
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Chapter 6. Interpretation of the measured data

canic arc, suggesting a path for ascending fluids which esghdne conductivity in this part of the
profile, and providing a possible source for partial meltghien crust and hydrothermal processes
associated with the volcanic arc.
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Figure 6.10: Cross sections from a 3D tomography showingrseiattenuation $churr et al.
(2003; B. Schurr, pers. comm.). The LMT profile is located betwed®se two cross sections,
(A) at-23.5S and (B) at -24.25

This interpretation is supported by the presence of exterfselds of Neogene ignimbrites
in the plateau region of the Central Andes, especially in thglano-Puna Volcanic Complex
(APVC), many of which have been shown to be derived from ctus#dting (De Silva 1989.
Detailed petrologic and geochemical studies of ignimbritem the APVC have established the
following resemblances among the units which suggestdaisources and magma evolution:

- Extremely large eruptive volumes, exceeding 1006 kon individual units.
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6.2. LMT data and 2D inversion

- A compositional monotony dominated by high-K, calcalkeldacite and only about 5% rhyo-
lites. Most large units lack any major compositional vaoiat

- High crystallinity (30-50%) of pumice. Major phenocrydigses are plagioclase, quartz, horn-
blende and orthopyroxen&¢hilling et al, 2006.

As the extension in depth of this highly conductive zone bé&méhe Puna could reach depths
larger than 80 km, it implies that the processes originatigjanomaly could have their source in
the asthenospheric wedge (see later discussion).

In order to feed a volcanic arc, significant melting must eéouhe wedge, which implies a
minimum temperature o£1300 (Schmidt and Po)i1998. For a basaltic to tholeiitic melt com-
position at 1300C, one may assume a melt conductivityogf = 5.5-6.5 S/m, resulting in a melt
fraction estimate of 21-25 vol.%, followinBrasse and Eydaif2008, who obtained bulk conduc-
tivities inside the wedge core on the order of 1 S/m. Howewes,value is for dry magmas, which
are not very frequent in subduction zones, where a strongeinfle of water is expected.

A large amount of water is carried by the subducting slab imfof hydrated sediments, basalt
or mantle lithosphere, and even when is widely acceptedaitavolcanism is initiated through
partial melting of a mantle wedge, which is strongly influed®dy dehydration of subducted crust,
the study of the processes through which this water is tietesg from the slab is a difficult and
not completely resolved taskdn Keken2003.

According toGrove et al.(2006 serpentinized mantle lithosphere underlying the topimos
sediment and basalt layers of subducted lithosphere can inep@mrtant reservoir that fuels vapor-
saturated flux melting, while chlorite-bearing hydratechtteabove the slab may also carry®i
into the melt generation zone. If the subducted basalt dnsad is heated sufficiently, melting
will occur, resulting in a siliceous and,B® rich melt which would encounter solid mantle as it
ascends into the overlying wedge. The influence ¢®Hbn melting is characterized by a large
temperature lowering effect that enlarges the temperatteeval over which melting occurs.

In order to estimate the water and melt rates in the wedgeaawedels have been proposed
(e.g.Grove et al(2006; lwamori(1998), with temperature distributions which depend on the age
and speed of the subducting slab as well as on the subduaamegry. FoiGrove et al(2006),
water content may even increase to 30 wt% for first magmastheaslab, while the maximum
amount of melting (10-15 wt %) occurs in the hot core of the tieanedge, increasing above 18%
according tdwamori (1998, where the wedge attains its maximum temperature.

The water supply enhances the melt conductivity considgrabcording to studies in dry and
hydrous silicic meltsGaillard, 2004), which is interpreted as the effect of water on sodium mobil
ity. Additionally higher temperatures or saline brines nfiarther increase conductivity and thus
reduce melt rate. For instance, a hotter wedge (1@p@mplies ao,, of 11.5 S/m for tholeiitic
melt, yielding a value of 12.5 vol.%Bfasse and Eydan2008.

Thus, the main cause of the high conductivity anomaly béntet Puna should be the pres-
ence of partial melts caused by the ascending fluids, but wilyis anomaly placed beneath the
backarc instead of below the main volcanic arc?
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Chapter 6. Interpretation of the measured data

At 24°S, ~40 km south of the LMT profile, above the westernmost highnaiéion zone
shown in the southern cross-section of figér&0stands the Quaternary strato-volcano Cerro Tuz-
gle. In its vicinity, shoshonites as well as ocean-islayktbasalts and ignimbrites occ@oira
and Kay(1993 concluded that both Cerro Tuzgle and the shoshonites wereddrom mantle
magmas and that the Tuzgle magmas were also contaminatedimg with crustal melts in the
lower crust. According t&churr et al(2006 this volcanism is the result of a recent detachment
of lithosphere, the remains of which are now lying on top & Mazca plate, while fluids may
ascend from the earthquake cluster at 200 km depth, berresltligthly conductive zone (as shown

in figure 6.11), through the mantle, and triggering mantle melting resgua for the observed
andesitic magmatism.
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Figure 6.11: 2D inversion result of the LMT profile, and egtthkes locations between 23%

and 24S, from Engdahl and Villaseiof2002. 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 magmasydbagree with geochemical
differences between the frontal arc and backarc volcandbssdatitude Schurr et al.2003, but
the presence of a high attenuation zone beneath the predeanic arc, together with a relatively
conductive zone in the same area (D’ in fig6r8) could indicate a second magma generation zone,
fed by fluids from the slab, and from the deeper easternmoghraayeneration zone associated
with the largest earthquake cluster. This could explain wieyare observing the volcanic arc in
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6.2. LMT data and 2D inversion

its actual position, and not above the anomalies observteibackarc. One can also speculate,
as the attenuation and conductive anomalies, togetherthgteeismological data for this area are
clearly pointing to the presence of fluids and a magma genarabne beneath the Puna, that this
is a snapshot of a new eastward migration of the volcaniaarbas already occurred several times
since the Jurassic.
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Chapter 7

Conclusions and comments

After a dimensionality analysis performed for both datasethe study area, a clear geoelec-
trical strike together with phase tensor, tipper and skdwesin agreement with a 2D supposition
were obtained for the LMT profile’s data, while no clear twimadnsionality indicators were ob-
tained for the broadband magnetotelluric data measurdukinitinity of Lascar volcano. These
results yield to the validity of a 2D inversion obtained witte LMT data, and the necessity of a
3D model to explain the data in the surroundings of the valcan

Several 3D models were obtained for the area around Lastana modeling also the topog-
raphy around each measuring station, and performing farwendeling with different conductiv-
ity scenarios. Some features needed by the magnetotetlatacwere a resistive and relatively
shallow block at the eastern border of the Salar de Atacassac@ted with intrusives present in
the Cuyuguas and Allana hills, and some other shallow conliies, associated with the Aguas
Calientes salar, to the east of Lascar volcano, and con@uetimes close to the volcano itself,
possibly associated with hydrothermal fluids.

Conductive zones with different shapes and sizes were setriaig depths beneath the vol-
canic edifice, in order to check the presence of a magma chidbeheath it, but no single conduc-
tive zone beneath the volcano could explain the magnatoieliesponses of the stations around
it. However, models including a conductive zone extendmthé south-southeast of the volcano
improved strongly the fit with the measured data, parti¢ylfar the tipper, but also for apparent
resistivities and phases at most of the stations. This adivéuzone is located in the middle of
several volcanic centers, limited to the north by Lascar/Agaas Calientes volcanoes, and to the
south by the Puntas Negras volcanic chain and Chiliques wo)dae location of which is partic-
ularly interesting considering its proximity and indiceg@f recent activity during the last years.

2D inversions of the long-period transect were obtainedgiainon-linear conjugate gradients
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algorithm, which agreed with the main geotectonical feeduexpected for this area. The sub-
ducting slab together with a crustal block coinciding witle Domeyko Cordillera were modeled
as highly resistive zones, while the Salar de Atacama, dkigra few kilometers in depth, was
resolved as a very conductive area, which agrees with inesibhductivity measurements. A large
highly conductive anomaly~ 1 Xm) was obtained beneath the Puna, starting at 10 - 20 km depth,
and probably extending through the Moho. The presence &f sn@nomaly fits well with previ-
ous conductivity models obtained beneath the AltiplaBagse et al.2002 Brasse and Eydam
2008. A relatively conductive anomaly (20 - 30m) was also obtained below the active volcanic
arc at depths between 10 - 30 km. These conductive anombb#s associated with seismicity
clustered beneath them, are possibly related to dehydnatacesses of the subducting slab which
enhances the formation of magmas in the ascending pathsdsf frough the mantle wedge. The
presence of these anomalies beneath the arc and the bagkees also with seismic tomogra-
phy results in this area. The larger and more conductive aholocated beneath the plateau is
possibly related to the processes originating the youngogemetic volcanic centers associated
with mafic lavas in the Puna, such as Tuzgle volcano and shaghlavas. They are derived from
the ascent of the mantle material, contaminated by mixirty wiustal melts in the lower crust,
according toCoira and Kay(1993, coinciding with the depth extent and location of the large
anomaly. Speculatively, the observation of a larger andcensonductive anomaly located beneath
the backarc instead of beneath the main volcanic arc in tretg@ieCordillera, could be a snapshot
of the eastward migration of the arc, as it has occurred @yreaveral times since the Jurassic.
The presence of a highly conductive zone beneath the Pum&lbas in the northern part of
the plateau, beneath the Altiplano, suggest that this feagiccommon to almost the entire plateau,
but showing some remarkable differences beneath the attgphnd the Puna. Beneath the Alti-
plano, this highly conductive zone is starting at largertdsjand is also extending until120 km,
while beneath the Puna this feature is starting and proldadibhing at shallower depths. The dif-
ferent depth extensions of the highly conductive zonesditrtbe two segments of the plateau can
be associated with a thinner lithosphere beneath the Punehvs approximately 50 km thicker
beneath the AltiplanoWhitman et al. 1992, and therefore with the morphological differences
observed between the higher and narrower Puna and the hwier, and thick-crusted Altiplano.
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