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Si pudiera vivir

Nuevamente la vida,

En la proxima trataria

De cometer mds errores :

No intentaria ser tan perfecto,

Me relajaria mds ;

Seria mds tonto de lo que he sido ;
De hecho, tomaria muy pocas cosas
con seriedad...

Seria menos higiénico,

Correria mas riesgos, haria mas
viajes,

Contemplaria mds atardeceres,

Subiria mds montarias...

Por si no lo saben

De eso esta echa la vida :
Solo de momentos.

No te pierdas el ahora...

Si pudiera volver a vivir,
Comenzaria a andar descalzo
A principios de la primavera
Y seguiria asi

Hasta concluir el otoio....

Si tuviera otra vez
La vida por delante...

Pero ya ven,

Tengo ochenta y cinco afios
Y sé que

Me estoy muriendo.

Jorge Luis Borges.
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Resumen

Los Andes Centrales son el ejemplo clasico de una cadena montafiosa desarrollada a lo largo de un
margen activo en un contexto de subduccion. La placa oceanica de Nazca pasa en subduccion ligeramente
oblicua (N~75°E) bajo el continente sudamericano. Un alto plateau, el Altiplano-Puna y el Oroclino Boliviano
(el cambio en la orientacion de los Andes de NW-SE a NS cerca de los 18°S), son las caracteristicas mas
notables de este segmento de la cadena. Segtin el modelo clasico de Isacks, el Ordclino Boliviano se formé a
partir de una ligera curvatura inicial del margen continental, que fue acentuada por acortamiento diferencial
durante en Nedgeno, implicando la rotacion ambos limbos.

En el cuadro del estudio de la evolucion tectonica Cenozoica de la region del antearco del norte de
Chile, era necesario responder a las preguntas siguientes: ;Cual es la edad, distribucion espacial, magnitud y el
origen de las rotaciones en el antearco del norte de Chile? ;Cual es la relacion entre las rotaciones observadas en
el antearco, el origen del Ordclino Boliviano y la construccion de los Andes Centrales? En este contexto, durante
la elaboracion de este trabajo, hemos efectuado un estudio paleomagnético detallado de la region de Antofagasta
en el norte de Chile. Simultaneamente, para caracterizar el estilo estructural que controla las rotaciones
observadas, hemos efectuado un estudio estructural y estratigrafico detallado de la vertiente oriental de la
Cordillera de Domeyko. Este borde coincide con el borde occidental de la cuenca del Salar de Atacama.

Nuestro estudio indica que el relleno sedimentario de la cuenca de Atacama, de mas de 8 km de espesor,
se acumuld principalmente en un contexto compresivo desde el comienzo del Cretacico Superior, durante la
inversion de las cuencas extensionales de tras arco del Mesozoico del norte de Chile. La sedimentacion de la
cuenca estuvo controlada por un sistema de fallas inversas vergentes al Este, arraigadas en la delgada faja de
basamento de la proto Cordillera de Domeyko, que fue progresivamente alzada por pulsos sucesivos de
deformacion compresiva desde el Cretacico Superior al Neodgeno. La historia de relleno y la evolucion tectonica
de la cuenca de Atacama son coherentes con la evolucion geoldgica conocida para la Cordillera de Domeyko y
otras cuencas a lo largo de la Depresion PreAndina del norte de Chile y en el Altiplano-Puna del noroeste de
Argentina y sudeste de Bolivia.

El analisis de 146 sitios de muestras de paleomagnetismo, principalmente de rocas de edad Mesozoica a
Paledgena en el antearco de la region de Antofagasta, entregd 118 sitios con magnetizaciones remanentes
estables. Los datos obtenidos indican rotaciones horarias sistematicas de hasta 65°. Sin embargo, la magnitud es
independiente de la edad de las series estudiadas. Nuestro estudio sugiere que una zona importante de cizalle
transpresivo dextral de orientacion NE-NNE controld la amplitud de las rotaciones en la region de Antofagasta.
La relacion aparente entre las rotaciones tectonicas y la orientacion de las estructuras de la region sugiere que las
rotaciones se produjeron probablemente debido a diferencias en la magnitud del acortamiento EW a lo largo del
margen durante la Fase Incaica del Eoceno-Oligoceno Inferior. La amplia distribucion de las rotaciones en el
norte de Chile implica que la deformacion Incaica es un evento tectonico de importancia regional y no solamente
ligado a la deformacion en la Cordillera de Domeyko.

El estudio geoldgico y paleomagnético fue completado con la restauraciéon numérica en planta del
Ordclino Boliviano. Hemos modificado un algoritmo de restauracion para incorporar en los calculos los datos de
rotacion y acortamiento disponibles para los Andes Centrales. Este trabajo indica que las rotaciones observadas
en el margen no pueden ser explicadas considerando solamente la deformacién Miocena que afecta
principalmente a la zona Subandina. Al considerar el acortamiento que ocurre principalmente de la Cordillera
Oriental se observa una variacion importante de la geometria del margen. Los resultados de la restauracion
pueden explicar las rotaciones antihorarias de ~10° al norte de Perti, entre 20-25° al sur de Pert y una rotacion
global horaria entre 10-20° en el margen de Chile.

Los resultados de la restauracién en planta y los datos paleomagnéticos obtenidos en rocas de edad
Neogena en el antearco indican que la curvatura oroclinal se formé principalmente durante la deformacion que
dio origen a la Cordillera Oriental.

Los resultados de rotacion obtenidos a partir de la restauracion en el norte de Chile son inferiores que
las rotaciones paleomagnéticas. La variabilidad espacial y la gran magnitud de las rotaciones del margen de
Chile sugieren dos episodios de rotacion. Rotaciones horarias controladas principalmente por la tectonica en el
antearco durante el Paledgeno, periodo de fuerte convergencia oblicua y posteriormente (o simultdneamente),
una rotacion global de todo el margen durante la migracion de la deformacion hacia el Este y el desarrollo de la
Cordillera Oriental.

De esta manera, las rotaciones locales del norte de Chile aumentaron de 10-20°. Los resultados de este
estudio demuestran que la deformacion compresiva y las rotaciones tectonicas en el antearco son elementos
claves de la deformacion andina precoz y deben ser considerados en los modelos cinematicos de la evolucion de
los Andes Centrales.

Palabras claves:
Andes Centrales, Ordclino Boliviano, anta arco, norte de Chile, Salar de Atacama, rotaciones paleomagnéticas,
deformacion Incaica.



Résumé

Les Andes Centrales sont I’exemple type d’une chaine se développant le long d’une marge active en
contexte de subduction. La plaque océanique Nazca passe en subduction légérement oblique (~N75°E) sous le
continent sud-américain. Un haut plateau, 1’Altiplano Puna et 1’Orocline Bolivien (le changement du direction
des Andes de NW-SE a NS pres de 18°S), sont les caractéristiques les plus remarquables de ce segment de la
chaine. Selon le modéele classique d’Isacks, 1’Orocline Bolivien s’est formé a partir d’une légere courbure initiale
de la marge continentale, qui a été accentuée par raccourcissement différentiel pendant le Néogene, impliquant la
rotation des deux limbes.

Dans le cadre de 1’étude de 1’évolution tectonique Cénozoique de la région de I’avant arc du nord du
Chili, il était nécessaire de répondre aux questions suivantes : Quelle est I’4ge, la distribution spatiale, la quantité
et l'origine des rotations dans l'avant arc du nord du Chili ? Quelle est la relation entre les rotations observées
dans l'avant arc, l'origine de 1’Orocline Bolivien et la construction des Andes Centrales ? Ainsi, pendant
1'¢laboration de ce travail, nous avons effectué¢ une étude paléomagnétique détaillée de la région d'Antofagasta au
nord du Chili. Simultanément, pour caractériser le style structural qui contrdle les rotations observées, on a
effectué une étude structurale et stratigraphique détaillée du versant oriental de la Cordillére de Domeyko. Cette
bordure coincide avec le bord occidental du bassin du Salar d’Atacama.

Notre étude met en évidence que le remplissage sédimentaire du bassin d’Atacama, plus de 8 km
d’épaisseur, s'est accumulée principalement dans un contexte compressif depuis le début du Crétacé Supérieur,
durant l'inversion des bassins extensifs d'arriere arc du Mésozoique du nord du Chili. La sédimentation dans la
bassin a été contrdlé par un systéme de failles inverses vers 1'Est, enracinés dans la mince ceinture du socle de la
proto Cordillére de Domeyko, qui a été progressivement soulevé par divers pulses successifs de déformation
compressive depuis le Crétacé Supérieur au Néogeéne. L’histoire du remplissage et 1’évolution tectonique du
bassin d'Atacama sont cohérents avec 1’évolution géologique connu pour la Cordillére de Domeyko et des autres
basins le long de la Dépression Préandine dans le nord du Chili, et I’ Altiplano Puna du nord-ouest de I'Argentine
et sud-est de la Bolivie.

L’analyse de 146 sites de données paléomagnétiques, principalement de roches d’age Mésozoique a
Paléogéne dans ’avant arc de la région d’Antofagasta, a livré 118 sites a aimantations rémanentes stables. Les
données obtenues montrent des rotations horaires systématiques jusqu’a 65°. Cependant la magnitude est
indépendante de I’4ge des séries étudiées. Notre étude suggére qu’une importante zone de cisaillement
transpressif dextre d’orientation NE-NNE a contr6lé I’ampleur des rotations dans la région d’Antofagasta. La
relation apparente entre les rotations tectoniques et 1’orientation des structures de la région suggére que les
rotations se sont probablement produite di a des différences de quantité de raccourcissement EW le long de la
marge pendant la phase Incaique d’dge Eocéne-Oligocéne Inférieur. La vaste distribution de ces rotations dans le
Nord du Chili implique que la déformation Incaique est un événement tectonique d’importance régionale non
seulement lié¢ a la déformation dans la Cordillére de Domeyko.

L’étude géologique et paléomagnétique de la région a été complétée par la restauration numérique en
carte de I’Orocline Bolivien. Nous avons modifié un algorithme de restauration pour incorporer dans les calculs
les données de rotations et de raccourcissement disponibles pour les Andes Centrales. Cette étude met en
évidence que les rotations observées dans la marge ne peuvent pas s’expliquer en considérant seulement la
déformation Miocéne qui affecte principalement la zone Subandine. En prenant en compte le raccourcissement
principalement dans la Cordillére Orientale on observe une variation importante de la géométrie de la marge. Les
résultats de la restauration peuvent expliquer des rotations antihoraires de ~10° au nord du Pérou, entre 20-25° au
sud du Pérou et une rotation globale horaire entre 10-20° dans la marge du Chili.

Les résultats de la restauration en carte et les données paléomagnétiques obtenus sur des roches d’age
Néogene dans I’avant arc indiquent que la courbure oroclinale s’est formé principalement durant la déformation
qui a donné naissance a la Cordillére Orientale.

Les résultats de rotation obtenus a partir de la restauration dans le nord du Chili sont inférieurs que les
rotations paléomagnétiques. La variabilité spatiale et la grande quantité des rotations dans la marge Chilienne
suggerent deux épisodes de rotation. Rotations horaires contr6lées principalement par la tectonique dans 1’avant
arc au cours du Paléogéne, période de convergence trés oblique et postérieurement (ou simultanément), une
rotation globale de toute la marge pendant la migration de la déformation vers I’Est et la déformation qui a
donné naissance a la Cordillére Orientale.

De cette maniére les rotations locales du nord du Chili ont été augmentées des 10-20°. Les résultats de
cette étude démontrent que la déformation compressive et les rotations tectoniques dans I’avant arc sont des
¢léments clef de la déformation Andine précoce, et doivent étre considérées dans les modeles cinématiques de
I’évolution des Andes Centrales.

Mots-clés :
Andes Centrales, Orocline Bolivien, avant arc, nord du Chili, Salar d’Atacama, rotations paléomagnétiques,
déformation Incaique.
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Contexte tectonique général

La Cordillere des Andes s’étend sur presque 8.000 kilométres le long de la marge
occidentale du continent Sud-américain, depuis la mer des Caraibes a la mer de Scotia
(Figure 1.1). Depuis le début de la théorie de la tectonique des plaques, les Andes ont été
citées comme un exemple typique d'une zone de collision entre une crotite océanique et une
crolite continentale, ou marge continentale active [Dewey et Bird, 1970; James, 1971].
L'analyse des différents secteurs des Andes montre une grande variété de processus de
construction d’une chaine de montagnes. Pour examiner ces processus, les Andes peuvent
étres divisés d’apres la proposition de Gansser [1973] ou de Jordan et al. [1983] (Figure
I.1). Les divisions proposées sont appropriées pour analyser 1'histoire tectonique des
différentes regions andines. Selon Jordan et al. [1983] la chaine se décompose en trois
regions principales (Figure I.1) :

(1) Les Andes Septentrionales s’étendent depuis le Venezuela au Nord (12°N)
jusqu’au Pérou au Sud (5°S). Elles résultent de I’interaction des plaques
Caraibes, Cocos, Nazca ainsi que 1’isthme de Panama. L'accrétion de fragments
de crolte océanique, d’arcs insulaires est un mécanisme important de la
construction des Andes Septentrionales pendant le Mésozoique et le
Cénozoique [Aspden et McCourt, 1986; Roperch et al., 1987; Van Thournout et
al., 1992].

(2) Les Andes Centrales s’étendent depuis le Pérou et la Bolivie au Nord (5°S)
jusqu’au Chili et en Argentine au Sud (~40°S). Ce segment de chaine résulte de la
subduction de la plaque Nazca sous le continent Sud-américain.

(3) Les Andes Australes ou Patagoniennes s’allongent de part et d’autres des
frontieres Argentines et Chiliennes entre 40°S et 55°S. Elles résultent de la
subduction des plaques océaniques Nazca et Antarctique et interagissent avec la
péninsule Antarctique et la plaque de Scotia. Un arc entre la Cordillére de la
Patagonie d’orientation nord-sud et la Cordillere de Darwin d’orientation est-

ouest forme le bout méridional des Andes Australes (Figure I.1).

Le long des Andes, il y a des segments avec volcanisme actif séparées de segments sans
volcanisme (Figure I.1). Le volcanisme actif est divisé en quatre segments [Thorpe et al.,

19817 :



(1) Une zone volcanique dans le nord (NVZ) qui s’étend entre 5°N et 2°S, en Colombie
et en Equateur.

(2) Une zone volcanique centrale (CVZ) qui s’étend entre 16°S et 28°S dans le sud du
Pérou, la Bolivie, le nord du Chili, et I'Argentine.

(3) Et les zones volcaniques Méridionales et Australes (SVZ), au Sud (35°S) dans le sud
du Chili et I’ Argentine.

Les Andes Centrales

Les Andes Centrales forment la region la plus grande et la plus montagneuse de la Cordillére
des Andes (Figure I.1). Ce segment de ~4000 kilométres de longueur est subdivisé en trois
parties : les Andes Centrales du nord (5°-13°S; entierement situ¢ au Pérou), 1'Orocline
Bolivien (13°-28°S; depuis le sud Péruvien, la Bolivie, le nord du Chili et le nord-Ouest de
I’ Argentine), et les Andes Centrales du sud (28°-35°S; dans la partie centrale du Chili et la
partie centrale occidentale d’Argentine). Il se caractérise par une géométrie arquée, concave
vers I’Ouest, dont la symétrie s’articule autour d’un axe passant par la ville de Santa Cruz
(Bolivie) a I’Est, la Caleta Loa, sur la cote chilienne, et la fosse péruvo chilienne aux
alentours de 20°S (Figure [.1&I1.2 ; Gephart, 1994). Construite sur une croiite continentale,
la chaine Andine Centrale s’est en grande partie développée pendant le Cycle orogénique

Andin, entre le Trias et I’actuel [e.g., Coira et al. 1982].

L’orocline Bolivien, la plus grande partie des Andes centrales (Figure 1.1&I1.2), comprend
prés de 1.300.000 km? et incorpore deux des caractéristiques les plus significatives de toute
la chaine andine : le plateau de 1'Altiplano-Puna, le second plus haut plateau apres le Tibet
en surface et élévation moyenne [Allmendinger et al., 1997], et la courbure de 55° connue
comme I’OROCLINE BOLIVIEN ou COUDE d'ARICA (Figure 1.2). Ce coude se produit
a la latitude de 18° S. Au nord de cette courbure, les structures sont orientées NW-SE, alors
qu’au sud, les structures sont brusquement orientées suivant une direction NS (Figure 1.2).
Dans cette région, la topographie des Andes montre une symétrie bilatérale remarquable
(Figure 1.2 ; Gephart, [1994]). Suivant ce méme plan, la symétrie de la morphologie de la
plaque de Nazca est moins parfaite mais encore importante. Tandis que les zones nord et
sud présentent une crotite d’épaisseur normale (30-50 km), les Andes Centrales présentent
une crolte exceptionnellement épaisse, jusqu'a 70 km [Gérze et al., 1994; Wigger et al.,

1994; Zandt et al., 1994; Beck et al., 1996; Gotze et Kirchner, 1997].
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Figure 1.2: a) Topography and tectonic setting of the region of Bolivian Orocline in the central Andes, in
an oblique Mercator projection (After Bevis et al., 2001). The “equator” is Gephart’s (1994) plane of
symmetry (thick dashed black line). The light blue curve west of the coast is the trench axis. The black
curves are the Cahill and Isacks (1992) depth contours (km) for the middle of the Wadati-Benioff zone.
Note the “flat slab” sections of the subducted Nazca plate at the northern and southern limits of the map
and the relatively steep slab underlying the central Andes. The white circles show all well-located
shallow seismicity (1964—1995). The open triangles indicate the active volcanic arc, which is limited to
the steep slab segment. The outermost thrusts of the back arc (foreland) region, shown in solid white
lines, indicate thrust faults which break the surface, whereas dashed curves indicate buried (blind)
thrusts, some of which are inferred rather than observed. Abbreviations used in the figure: SAN, the
northern Subandean zone; SAS, the southern Subandean zone; SC, Santa Cruz elbow; SB, Santa Barbara
belt; SP, Sierras Pampeanas. b) Age of the Nazca Plate.






Contexte Géologique
Selon Ramos et Aleman [2000], I’histoire andine peut-&tre décomposée en quatre étapes

principales.

(1) La premicre est liée a la construction de la proto-marge de Gondwana, et se
compose de l'accrétion et de la collision de différentes terranes pendant le
Protérozoique Supérieur.

(2) La deuxieme étape durant le Paléozoique Supérieur est liée a la formation des
Gondwanides, la premicre chaine de montagne développée le long de la marge
Pacifique associée a une subduction de type Andine et I'Alleghanides, 1i¢ a la
fermeture de 1'océan lapetus et a la formation du super continent de la Pangée.

(3) La troisiéme étape est liée a une extension généralisée pendant la rupture de la
Pangée qui précede 'ouverture de I’océan Atlantique, et est ponctuée par la collision
des arcs insulaires dans les Andes Septentrionales.

(4) La derniere étape ou Cycle Andin est responsable de 1'orogénie actuelle, et inclut
une grande variété de processus tectoniques de collision d'arcs insulaires, sismiques
et asismiques, aussi bien que la subduction de la crolite océanique sous le continent

sud-américain, qui définit le type Andin de subduction.

Dans la région des Andes Centrales pendant le Cycle Andin l'arc magmatique migre vers
I'Est, depuis la Cordillére de la Cote a sa position actuelle dans la Cordillére Occidentale
[Figure 1.3, Coira et al., 1982; Scheuber et Reutter, 1992; Allmendinger et al., 1997; Lamb et
Hoke, 1997]. La migration vers I’Est et aussi la non-existence de complexes de subduction
(bassins d’avant arc) d’age Mésozoique et Cénozoique sont expliquées par 1’érosion qui se
produit dans la marge lors de la subduction de la plaque océanique [von Huene et Ranero,
2003] ou pour des variations de I’angle de subduction [e.g. Rutland, 1971; Coira et al.,
1982].

La fosse du Chili Pérou, a 80-100 kilometres de la cote, représente 1'actuelle limite entre la
plaque de Nazca et la plaque sud-américaine (Figure 1.2). A terre, la chaine Andine peut étre
subdivisée d’Ouest en Est en un bloc d’avant-arc (constitué¢ par la Cordillére de la Cote, la
Vallée Centrale, le Précordilléere du nord du Chili et la Dépression Préandine), 1’arc
magmatique (Cordillere Occidentale), et I’arriére arc (Altiplano-Puna, Cordillere Orientale,
la chaine Subandine, et I’avant-pays du bassin du Chaco) (Figure 1.3). De -7000 m au-

dessous du niveau de la mer dans la fosse, le relief atteint 2000 m dans la Cordillére de la
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Cote, 4000 m dans la Précordillére et plus de 6000 m dans la Cordillére Occidentale. La
Cordillere de la Cote est constituée principalement par des roches volcaniques et intrusives
d'age Jurassique a Crétacé. La Précordillere se compose principalement de roches
Paléozoiques recouvertes par des roches sédimentaires et volcaniques Mésozoiques et

Tertiaires et par des intrusions d’age Paléogene [Lamb et al., 1997].

Les hauts sommets des volcans de 1’arc volcanique actif forment la Cordilléere Occidentale
qui délimite la bordure occidentale du plateau de 1’ Altiplano-Puna. Les Cones volcaniques
Miocénes a Quaternaires, dont 1’altitude peut excéder celle du plateau d’environ 2000 m,
reposent sur des roches d’age Paléozoique a Mioceéne. L’arriére arc récent comporte
I'Altiplano-Puna, la Cordillére Orientale et les chaines Subandines. L’ Altiplano en Bolivie et
la Puna dans le nord-ouest de I’Argentine représentent un bassin intra-montagneux de plus
de 200 kilomeétres de large avec une altitude entre 3800 et 4500 m. Le remplissage
sédimentaire Mésozoique a Cénozoique atteint localement une épaisseur de 10.000 m. A
I’est, I’ Altiplano-Puna est bordé par I’imposante Cordillére Orientale, avec des altitudes
entre 5000-7000 m. Elle se compose principalement de roches d’age Précambriennes a
Paléozoique et de sédiments Crétacés et Cénozoiques. La partie la plus orientale des Andes
Centrales est la zone Subandine, une ceinture de chevauchements ‘thin-skinned fold and

thrust belt’, de 150-200 kilometres de large [Kley et Monaldi, 1998].
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La géométrie de la zone de subduction
Entre environ 15°S et 27°S, le modele NUVEL-1A et les calculs avec le systéme de

positionnement globaux (GPS) indiquent respectivement une convergence principalement
Est-Ouest de 77 millimeétres par an et de 68 millimétres par an [DeMets et al., 1994,
Norabuena et al., 1998]. La direction de la convergence Nazca-Amérique du Sud a trés peu
changé au cours des 20 derniers Ma [Pardo-Casas et Molnar, 1987; Somoza, 1998]. Au
nord et au sud de I’orocline Bolivien, la subduction de la plaque océanique est sub-
horizontale. C’est au cceur de 1’orocline que 1’angle de subduction est le plus fort ~30°
permettant ainsi le développement d’un coin d’asthénosphere entre les 2 plaques (Figure
1.2; Isacks, [1988]). Cette géométrie de la plaque plongeante est fortement corrélée a I’age

de la crotite océanique (Figure 1.2).

La présence du coin asthénosphérique affaiblit la lithosphére continentale et facilite la
subduction intracontinentale du craton brésilien sous les Andes [Barazangi et Isacks, 1979
; Isacks, 1988 ; Cahill et Isacks, 1992]. Wdowinski et al. (1989) proposent une autre
conséquence de cette géométrie particuliere de la plaque de Nazca. Pour ces auteurs,
l'inclinaison du plan de subduction permet une convection dans le coin asthénosphérique,
qui, en entrainant la base de la plaque supérieure vers la plaque de Nazca, augmente la
compression latérale au niveau de la zone de contact entre les deux plaques. La morphologie
de la plaque subductante exerce aussi une forte influence dans la géométrie de l'arc
volcanique actif (Figure 1.2) [Barazangi et Isacks, 1977 ; Bevis et Isacks, 1984]. Barazangi
et Isacks [1979] ont attribué l'absence de volcanisme actif dans le nord, le centre du Pérou
et le centre du Chili (Figure 1.2) a I’absence d’un coin de manteau asthénosphérique en
relation avec des subductions subhorizontales et a la superposition directe des deux plaques
lithosphériques. La cause de cet angle anormal de subduction dans ces segments, a été
attribuée a des effets combinés comme : la subduction de dorsales plus 1égeres (Figure I.1),
la dorsale de Nazca (au nord) et la dorsale de Juan Fernandez a la latitude de Valparaiso, a
une convergence rapide et a la jeunesse relative de la plaque de Nazca [Barazangi et Isacks,
1979 ; Cross et Pilger, 1982 ; Cahill et Isacks, 1992 ; Yaiiez et al., 2000 ; Gutscher et al.,
2000].

Couplage entre les plaques de Nazca et Sud-américaine
La notion que les Andes modernes, en général, sont le résultat de la compression latérale

die au fort couplage des plaques Nazca et Sud-américaine a leur interface [Dewey et Bird,
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1970] est supporté par le caractere fortement sismogénique de cette limite de plaque. Un
couplage fort entre les deux plaques dans la région de 1’avant arc est également démontré
par des observations de GPS le long de la marge [Klotz et al., 2001; Bevis et al., 2001]. Ces
résultats montrent également que l'interface entre les plaques de Nazca et 1'"Amérique du
Sud est fortement couplée et moins de 10% de la convergence est absorbé dans le continent
comme déformation lithosphérique. Dans le nord du Chili, la déformation élastique
enregistrée par I’avant-arc ne montre pas une partition de la déformation en réponse a

'obliquité de la subduction [Bevis et al., 1999 ; Figure 1.4].

L'influence tectonique et mécanique de 1’avant arc dans la construction de I'orogeéne est mal
comprise. Les données de paléomagnétisme de Roperch et al. [2000] et Somoza et al.,
[2002] montrent que les rotations tectoniques, dans 1’avant arc, sont antérieures au
Miocene Supérieur, suggérant un comportement mécanique rigide de 1’avant arc au cours
des dix derniers millions d’années. Le systéme rigide et couplé de plaque de Nazca-avant
arc peut €tre vu comme un indenteur, poussant vers I'Est et transférant avec une
déformation minimale interne, la composante non sismique de la convergence vers 1’est, en
particulier les zones sub-andine [Tassara, 2002]. Dans le nord du Chili, les travaux de
Murioz et Garcia, [1996], Garcia et al. [1999], Garcia [2002] et Charrier et al. [2002]
mettent aussi clairement en évidence la déformation compressive dans la zone de transition

entre 1’avant arc et I'Altiplano.
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Figure 1.4. Integrated crustal velocity field for the central Andes, north of 23°S, relative to the stable core of
the South American plate (After Kendrick et al., 2001). The error ellipses are nominally 95% confidence
ellipses. The outermost thrusts of the back-arc (foreland) region are shown in darkblue: solid lines indicate
thrust faults which break the surface, whereas dashed lines indicate buried or blind thrusts, some of which

are inferred rather than observed. The open triangles indicate the active volcanic arc. Abbreviations as in
the Figure 1.2.






Image actuelle de la structure de la croiite des Andes centrales
Au cours des dix derniéres années, plusieurs réseaux sismiques ont opéré dans le nord du

Chili, le sud de la Bolivie et le nord-ouest de I'Argentine. Les ondes P et S converties et
isolées de 1'onde télésismique P (Receiver functions (RFs), ont été utilisées pour estimer
des vitesses crustales et détecter les discontinuités dans la crofite et le manteau supérieur de
la structure profonde des Andes Centrales [Schmitz et al., 1997; Oncken et al., 1999 ;
Chmielowski et al., 1999 ; Yuan et al., 2000 ; Babeyko et al., 2002 ; Yuan et al., 2002]. Ces
données indiquent que 1'épaisseur crustale varie de 35 km dans I’avant arc jusqu'a 80 km
sous le plateau. La crolte du craton brésilien a une €paisseur normale (30 km) au niveau de
la plaine du Chaco (Figure I.5¢). Le Moho continental est particuliérement bien reconnu
entre les 40 et 75 km de profondeur (Figure 1.5¢). Le Moho le long de 4 sections des Andes
Centrales (Figure 1.5¢) varie en profondeur depuis 75 km sous le Plateau a 50 km sous la
Puna. Les grandes variations observées dans la profondeur du Moho sous le plateau
indiquent une forte hétérogénéité dans 1'épaisseur de la lithosphere. La plaque océanique
(Figure I.5¢c, d) est aussi bien identifiée jusqu'a une profondeur de 120 km. La plupart de la
sismicité profonde dans la plaque de Nazca se termine a 120 km de profondeur, suggérant

que ceci a une relation avec la transformation gabbro-éclogite.

Ces ¢tudes de tomographie sismique mettent en évidence deux conversions a I’intérieur de
la crotite (TRACI et le TRAC2, Figures 1.5 b,c,d) définissant une zone de vitesse réduite
(ALVZ Andean low-velocity zone). L'ALVZ recoupe tout le plateau de 1’ Altiplano-Puna,
de la Cordillere Orientale a la Cordillére Occidentale, plongeant 1égérement a 1'0Ouest. Les
10-20 kilometres d’epaisseur de I’ALVZ sont interprétés comme une zone de plus haute
température associée a de la fusion partielle (en relation avec les plus forte conversions) et
des réactions métamorphiques. Le lien direct de ' ALVZ au détachement basal sous la marge
orientale du plateau suggére un important role dans les processus tectoniques de

raccourcissement (Figure 1.5d).

La faiblesse mécanique de I'ALVZ et le détachement basal de la Cordillére Orientale,
confirmée par la présence des magmas et des fluides [Babeyko et al., 2002], suggére deux
comportements de déformation de la crolte. Dans la crolte supérieure, les
raccourcissements se font par des imbrications de chevauchements. Le mode de
raccourcissement dans la crolte inférieure est par contre incertain. Cette interprétation de

I'ALVZ est semblable, dans son aspect tectonique, a 1’interprétation de la zone de vitesse
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réduite dans le Tibet qui présente de fortes similitudes (profondeur, épaisseur, ampleur
transversale) [Nelson et al., 1996; Kind et al., 1996]. L'existence de zones a vitesse réduite
analogues pour les deux principaux plateaux suggere leur role fondamental dans le processus
de construction de plateaux et une partition de la déformation avec des raccourcissements
dans la crofite supérieur fragile et des déplacements de matiére dans la crotlite ductile

[Husson et Sempéré, sous presse].

Le bassin du Salar d'Atacama

Le bassin du Salar d'Atacama est un des principaux bassins sédimentaires actifs, préservé le
long de la pente ouest des Andes centrales. L’altitude du Salar d'Atacama est inférieure
d’environ a 1 km a la valeur prévue par 1’épaisseur de la crolte de 67 kilométres si
I'équilibre isostatique est accompli (Figure 1.5e; Yuan et al., [2002]). Une lithosphére
¢paisse de 150 kilométres pourrait expliquer cette différence mais la profondeur de la
plaque subductée Nazca (100 km sous le Salar) infirme facilement cette interprétation
[Yuan et al., 2002]. Les données de tomographie sismique montrent des vitesses sismiques
¢levées et une trés faible atténuation dans le manteau au-dessous de ce bloc [Yuan et al.,
2002]. Ces résultats et I’anomalie gravimétrique positive [Gétze et Krause, 2002] sont
interprétés par Yuan et al. [2002] comme I’évidence d’un corps a haute densité
anormalement froid sous le Salar qui est mécaniquement couplé au-dessus de la plaque

océanique de Nazca.
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Les processus qui contribuent a 1'épaississement de la croiite
L'épaisseur exceptionnelle de la crolite des Andes centrales a attiré l'attention depuis que

son existence a été clarifiée par James [1971]. La formation de cette €épaisse racine dans la
crolite est un probléme de longue date de la géologie andine. Thorpe et al. [1981] ont
argumenté que le magmatisme avait joué un rdle important dans le soulévement et
I'épaississement de la crotite andine. Isacks [1988], cependant, a montré que le soulévement
Cénozoique qui a formé le plateau de I’ Altiplano-Puna d'approximativement 4 kilométres
de hauteur peut étre expliqué en termes d’un modele non unique qui implique un
raccourcissement dans la crotite de 130 kilometres, un épaississement dans la crotite de 40 a
65 kilometres, et un amincissement thermique de la lithosphere de 140 a 70 kilometres. Le
modele proposé par Isacks [1988] suggere que la courbure et le soulévement des Andes
Centrales ont été controlés par la géométrie de la plaque de Nazca (Figure 1.2). Bien que cet
amincissement thermique de la lithosphére soit associ¢ probablement au magmatisme,
Isacks suggere que le soulévement et 1'épaississement de la crolite Andine ne soient pas

associés a des contributions magmatiques.

La marge continentale active des Andes centrales a subi un épaississement de la crofite
depuis le Crétacé Supérieur [e.g., Jaillard et Soler, 1996]. La plupart des études considérent
que le raccourcissement total des Andes Centrales est principalement Néogene dans la
Cordillere Orientale et la zone Subandine-Santa Barbara (Figure 1.2) [Isacks, 1988; Sempere
et al., 1990; Schmitz, 1994; Gubbels et al., 1993; Allmendinger et al., 1997; Baby et al.,
1997; Lamb et Hoke, 1997; Kley et al., 1999]. La plus jeune de ces unités morpho-
tectoniques est la zone Subandine, une ceinture d’ecailles tectoniques que chevauchent le
bassin d’avant pays légerement déformé [Lamb, 2000]. Selon Kley et Monaldi [1998] et
Kley [1999], le degré de raccourcissement dans la zone Subandine et dans la large région
d’arriére arc a une valeur maximum pres du Coude de Santa Cruz (plan de symétrie de
Gephart, Figure 1.2) et diminue vers le sud et le nord-ouest. Les estimations de 80-140
kilométres de raccourcissement faites a partir de coupes balancées dans la zone Subandine
impliquent un raccourcissement de 8-14 millimétres par an sachant que les déformations se
sont produites principalement au cours des dix derniers millions d’années. Sur la base de
séries sédimentaires syn-orogéniques de 1'Oligocéne Supérieur et plus récentes identifiées
dans I’avant pays et 1'Altiplano, une valeur maximum du raccourcissement dans les Andes

centrales d'environ 200-250 kilomeétres est proposée par la plupart des auteurs [Isacks,
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1988; Sheffels, 1990; Sempere et al., 1990; Gubbels et al., 1993; Schmitz, 1994; Baby et al.,
1997; Allmendinger et al., 1997; Kley et Monaldi, 1998].

Ce raccourcissement estimé est insuffisant pour expliquer I'épaisseur dans la croite actuelle
sous I'Altiplano, I’arc moderne (Cordilléere Occidentale), et la région de 1’avant arc
(Précordillere, vallée longitudinale et Cordillere de la Cote). Cette situation a conduit
certains auteurs a proposer des mécanismes complémentaires de 1'épaississement de la
crotte tels qu'une accrétion de matériel sous le plaque continentale, matériel provenant de
I’érosion tectonique pendant la subduction ou de 1'ajout magmatique dérivé de la lithosphere

océanique [Schmitz, 1994; Baby et al., 1996; Baby et al., 1997; Allmendinger et al., 1997].

Des études récentes [McQuarrie et DeCelles, 2001; Miiller et al., 2002] basées sur les
coupes ¢équilibrées de 1'Altiplano et de la Cordillere Orientale, proposent un
raccourcissement total minimum de 340 kilométres dans les Andes centrales. Ces nouvelles
interprétations structurales suggerent que l'épaisseur actuelle des Andes centrales puisse
étre expliquée seulement par 'empilement tectonique, qui s'est produit principalement au
niveau de la Cordillére Orientale depuis 1I’Eocéne Supérieur au Miocéne Inférieur

[McQuarrie et DeCelles, 2001; Miiller et al., 2002; Husson et Sempere, 2003].

Plusieurs auteurs soulignent aussi I’importance de la déformation pré-Néogéne dans
I'histoire tectonique des Andes centrales [Horton et DeCelles, 1997; Sempere et al., 1997,
Roperch et al., 2000; Coutand et al., 2001]. Les résultats de traces de fission sur apatite de
Coutand et al. [2001] indiquent que les raccourcissements Andins ont affectés la partie
nord-est de la Puna vers la fin de I’'Eocéne et la Cordillére Orientale adjacente vers la fin de
I'Eocéne ou début de I'Oligocéne. Cet exhumation tardi-Paléogéne est probablement une
manifestation de la phase orogénique Incaique, qui a été identifiée la premiere fois au Pérou
par Steinmann [1929]. Cet événement s'est produit pendant un période de convergence
rapide entre les plaques de I'Amérique du Sud et de Farallon [Pardo-Casas et Molnar,

1987].

Cependant, [’extension géographique d’une chaine de montagne d’dge pré Néogene avec un
systeme de bassin d’avant pays ainsi que [’estimation des raccourcissements pré Néogene

dans la plupart des segments de I’avant arc sont incertaines.
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Hormis, les déplacements verticaux et la fracturation de 1’avant-arc en relation avec le cycle
sismique, aucune déformation importante ne semble s’étre produite dans la région de
I’avant arc depuis 10 Ma. Les études structurales, de stratigraphie et de paléomagnétisme
effectuées dans la région de I’avant arc mettent en évidence des déformations compressives
d’age Crétacé Supérieur - Paléogéne [Chong et Reutter, 1985; Bogdanic, 1990;
Hammerschmidt et al., 1992; Hartley et al., 1992; Scheuber et Reutter, 1992; Charrier et
Reutter, 1994; Somoza et al., 1999].

Orocline Bolivien

L'origine de 1'Orocline Bolivien, en relation directe avec la formation de 1’Altiplano, est
aussi un des sujets de controverses dans les Andes. La zone oroclinale ou le changement de
la direction des Andes de NW-SE au NS preés de 18°S, est 1'une des caractéristiques
remarquables de toute la chaine (Figure I.1 & 1.2). Le concept d’orocline a été initialement
formulé par Carey [1958]. Cet auteur a supposé la rotation dans le sens anti-horaire du
segment des Andes entre la courbure d'Arica-Santa Cruz au sud et la courbure de
Huancabamba au nord, essentiellement aprés la formation d'une chaine Andine initialement
droite. En 1988, Isacks a indiqué que les variations de la largeur de 1'Altiplano Bolivien du
Nord au Sud sont associées au raccourcissement différentiel pendant le soulévement du
plateau. Selon ce modele, une 1égere courbure initiale de la marge continentale andine a été
accentuée par raccourcissement différentiel pendant le Néogene, impliquant la rotation des
deux limbes. Les rotations prévues sont de 5-10° horaire pour le bloque sud et de 10-15°
antihoraire pour le bloque nord. Ce modéle tectonique a été vérifié par les premiers résultats
de paléomagnétisme obtenus, la plupart le long de 1'avant arc [Heki et al., 1984; Heki et al.,
1985; May et Butler, 1985; Beck, 1988].

Au cours des dernieéres années, de nombreuses études de paléomagnétisme ont été
effectuées dans les Andes Centrales et ont indiquées des rotations horaires au Chili et des
rotations dans le sens anti-horaires au Pérou [ex.: Kono et al., 1985; Roperch et Carlier,
1992; Macedo Sanchez et al., 1992; Hartley et al., 1992; Riley et al., 1993; Beck et al., 1994;
Forsythe et Chisholm, 1994; Randall et al., 1996; Taylor et al., 1998; Coutand et al., 1999,
Roperch et al., 2000; Somoza et Tomlinson, 2002]. Les études de paléomagnétisme

indiquent que les rotations tectoniques sont importantes dans le domaine de la Cordillére
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block rotation due to strike-slip faulting (Randall et al., 1996).



Orientale [Butler et al., 1995], I’ Altiplano [MacFadden et al., 1995; Coutand et al., 1999;
Roperch et al., 2000] et I’avant arc [Roperch et Carlier, 1992; Beck et al., 1994; Somoza et
Tomlinson, 2002; cette étude]. Bien que des modéles simples ont été avancés pour
expliquer la géométrie des Andes Centrales [Kono et al., 1985; Beck, 1988; Roperch et al.,
2000, Figure 1.6] la géométrie et le style de la déformation sont trés hétérogenes. Dans les
paragraphes suivantes nous présenterons une synthése des études réalisées dans
I’ Altiplano-Puna, le Sud du Pérou et la région d’Arica. Dans le chapitre III seront discutées

les travaux conduits dans le nord du Chili au Sud d’Arica.

Rotations tectoniques dans le plateau d'Altiplano-Puna

Le mode¢le tectonique d'Isacks [1988] implique que les rotations dans les Andes Centrales
devraient s'étre produites pendant le Néogeéne. Dans le plateau d'Altiplano-Puna et la
Cordilleére Orientale, il y a une bonne corrélation entre le soulévement du plateau,
l'orientation des structures principales et la quantité des rotations, indiquant que ces
rotations se sont produites pendant le Néogene [MacFadden et al., 1995; Butler et al.,
1995; Coutand et al., 1999; Roperch et al., 2000; Figure 1.7]. La corrélation entre la
direction structurale et les rotations paléomagnétiques, aussi indiquée par les linéations de
I’anisotropie de susceptibilité magnétique dans plusieurs sites de sédiments de 1’ Altiplano-
Puna [Coutand et al., 1999], montre que ces rotations ont eu lieu pendant la derniere phase
de chevauchement et non avant ou pendant le début de la déformation. La propagation vers
I'Est de la déformation pendant le Néogéne a provoqué la formation de la ceinture
Subandine. Des rotations horaires, enregistrées par des roches Paléozoiques [Roperch et al.,
2000] et des sédiments Oligocene-Miocene [Lamb, 2001] dans le sud de la ceinture sub-
Andine suggérent une rotation tectonique des directions structurales principales NNE des

chevauchements pendant la phase de déformation Miocéne Supérieur-Pliocéne.
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Figure 1.7: Observed paleomagnetic rotations in the central Andes (After Roperch et al.,
2000). Squares indicate localities from Roperch et al. (2000). Circles correspond to other
studies (Roperch and Carlier, 1992; Butler et al., 1995; MacFadden et al., 1995). Rotations
recorded by Miocene rocks are shown with errors at 95% highlighted by light shading,
while dark shading correspond to results from older units.



Rotations tectoniques au sud du Pérou et la région d'Arica
Les résultats paléomagnétiques obtenus sur les roches volcaniques, intrusives et

sédimentaires Mésozoiques et Paléocenes démontrent que I’avant arc du sud de Pérou a
tourné dans le sens anti-horaire, 25°-30°, principalement comme un bloc simple qui est
conforme a I'hypothese de la courvure oroclinal [Roperch et Carlier, 1992; Macedo Sanchez
et al., 1992; Roperch et al., 2002a, b; Figure 1.8]. Aucune évidence de rotation significative
n'a été trouvée immédiatement au sud de la zone de la courbure d'Arica [Roperch et al.,
2000, 2002 a, b]. Les rotations se sont apparemment produites avant le Néogene parce que
les ignimbrites d’age Miocene Inférieur ne semblent pas enregistrer de rotation. Il faut
cependant étre prudent dans ces interprétations des données d’ignimbrites car le nombre
relativement limité d’unités indépendantes et la présence de directions intermédiaires du
champ magnétique rendent incertaine 1’élimination des effets de variations séculaires. Ces
nouvelles données [Roperch et al., 2002a, b; Figure 1.8] suggerent que la rotation principale
de I’avant arc Péruvien du sud s’est produite autour de 30-25 Ma. Cette période de temps
est légérement plus jeune que celle proposée par Roperch et al. [1999] en associant la
formation de la courbure oroclinale & la déformation de la phase Incaique durant 1’Eocéne.
Au lieu de cela, la rotation dans le sens anti-horaire de I’avant arc Péruvien parait plutot lice
au début de la déformation dans la Cordillére Orientale en Bolivie. Rousse et al. [2002] dans
un mod¢le alternatif de rotation pour I’avant arc du Pérou, indiquent que cette région a
tourné pendant un période de déformation trés courte de 2 Ma vers 8 Ma correspondant a
un soulévement rapide et a I’initiation de la déformation dans la zone Subandine pendant la
phase de déformation Quechua 2. Bien que plus d'études soient nécessaires pour bien
définir I'age des rotations, la proposition d’un intervalle de temps aussi court que 2 Ma
pour permettre la rotation globale de tout I’avant arc ne semble pas en accord avec les
données de géologie structurale suggérant une déformation distribuée dans le temps (par

exemple modeles de déformation proposés par McQuarrie et DeCelles, [2001]).
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Objectifs de 1'étude et méthodologie

Des pages précédentes, nous pouvons déduire que 1'état actuel de la connaissance des
Andes Centrales, permet d'établir une vision générale, sur les processus de premier ordre,
qui ont donné naissance a cette ceinture orogénique. La plupart des études tectoniques se
sont concentrées autour de l'origine du plateau de 1'Altiplano-Puna. Toutefois, la structure
interne et I'évolution (et ’interaction entre eux) des éléments individuels qui conforment
dans leur ensemble les Andes Centrales sont encore mal compris. En accord avec ce qui
précede, 1'objectif principal de ce travail de thése est d'apporter, au moins en partie, de
nouvelles données sur la structure de I'avant-arc du nord du Chili. De cette fagon, nous
essaierons d'établir quelle est I'importance de la tectonique dans cette région et sa relation

dans la construction des Andes Centrales.

Dans ce contexte, pendant 1'élaboration de ce travail, nous avons effectu¢ une étude
paléomagnétique et structurale détaillée dans la région d'Antofagasta au nord du Chili.
L’objectif a été d’apporter des nouvelles données paléomagnétiques et structurales afin de
mieux décrire et comprendre I’origine des déformations antérieures au Néogene. Notre étude
inclut des roches Mésozoiques de la Cordillére de la Cote, des roches Crétacés de la Vallée
Centrale, des roches Tertiaires du bord ouest de la Cordillére de Domeyko (Précordillére) et

des séquences Crétacés a Paléogénes du bord oriental de la Cordillére de Domeyko.

Ainsi un vaste secteur de l'avant-arc a été étudié, et permet d’analyser les relations
existantes entre les processus a I’origine des rotations horaires du nord du Chili et les

processus associés a la formation de la courbure oroclinale.

Simultanément, pour caractériser le style structural qui contrdle les rotations observées
dans la région d'Antofagasta, on a effectué une étude structurale et stratigraphique détaillée
du versant oriental de la Cordillere de Domeyko. Cette bordure coincide avec le bord
occidental du bassin du Salar d’Atacama. Ce bassin est une caractéristique topographique
de premier ordre dans le versant occidental de la Cordillere Occidentale. En méme temps, le
remplissage sédimentaire du bassin, permet de délimiter le temps et l'extension de la
déformation produite dans l'avant-arc. Un ensemble de lignes sismiques dans le Salar

d'Atacama a été mis a ma disposition par la société ENAP-SIPETROL pour cette étude.
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Ces données, avec l'information de terrain, permettent de présenter un modele de

déformation pour le Crétacé-Paléogene a cette latitude de I'avant-arc.

Davantage de travail est nécessaire pour établir un modele qui intégre toutes les données de
rotations publiées des Andes Centrales. Toutefois, dans la derniére partie de cette étude on
essaye d'élaborer un modele général de 1'évolution tectonique des Andes Centrales qui
intégre, de maniere cohérente, la déformation associée a la rotation tectonique de blocs.
Dans cette partie on inclut les résultats de rotations tectoniques dans un algorithme de
déformation non plane, développé par Audibert [1991], Rouby et al. [1993] et Bourgeois et
al. [1997] pour les cas décrochant, extensif et compressif respectivement. Cet algorithme
permet la restauration de la déformation d'une région. Les modifications que nous avons
effectuées dans cet algorithme permettent d'introduire les résultats de rotation et la quantité
de raccourcissement sur une mosaique de blocs limités par des failles, normales ou inverses.
A partir d'itérations successives qui insérent des translations et des rotations de blocs, on
obtient une mosaique de blocs dans 1'état non-déformé. Finalement, les résultats obtenus

peuvent étre comparés avec les modeles actuels sur I'évolution des Andes.
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Chapitre II : Géologie et tectonique de I’avant arc du nord du Chili

dans la région d’ Antofagasta.






Introduction

Ce chapitre, présente le cadre géologique de la région d’ Antofagasta. Cette présentation est
une introduction générale aux études paléomagnétiques et tectoniques publiées sous forme
d’articles. C’est dans la région du Salar d’Atacama que s’est concentrée la plus grande
partie de mon travail sur le terrain. C’est en effet dans cette région, et plus particulierement
le long de la bordure orientale de la Cordillere de Domeyko que I’on trouve probablement
les meilleurs affleurements du nord du Chili. D’autre part, la compagnie SIPETROL a mis a
notre disposition un ensemble complet des lignes sismiques acquises dans la grande
dépression du Salar d’Atacama. Ainsi, I’évolution tectonique de I’avant arc du nord du Chili
est bien décrite pour cette région. En accord avec ce qui précede, nous avons effectué¢ une
¢tude détaillée de la stratigraphie et la tectonique de la région du Salar d’Atacama, qui se

trouve dans la partie Publications de ce chapitre.

Contexte général

Depuis le Paléozoique Supérieur, 1’évolution de la marge occidentale de Gondwana est le
résultat de I’interaction entre la plaque Sudaméricaine et les systémes de plaques de 1’Océan
Pacifique. Deux grands cycles orogéniques sont reconnus pour le Phanérozoique : le Cycle
Préandin Hercynien du Paléozoique et le Cycle Andin du Méso-Cénozoique [Coira et al.,

1982].

Le Cycle Préandin

Au cours de ces derniéres années, 1’évolution du Paléozoique des Andes Centrales a été le
sujet de considérable débats. Selon certains auteurs [Ramos, 1988, 1995; Unrug, 1996;
Astini et al., 1995], la marge Pacifique actuelle de 1’Amérique du Sud correspond a un
ensemble de terrains allochtones qui ont été accrétés au Gondwana pendant le
Protérozoique et/ou pendant le Paléozoique Inférieur a Moyen. Un scénario tectonique
possible est I’échange de terrains entre les cratons de I’Amérique du Sud (Gondwana) et de
I’Amérique du Nord (Laurentia) durant la collision qui a formé le super continent
hypothétique de Rodinia [Wasteneys et al., 1995; Tosdal, 1996; Dalziel, 1997]. La
séparation ultérieure a été suivie par une seconde collision entre Laurentia et Gondwana
pendant 1’orogenése Famatiniene de 1’Ordovicien Moyen dans les Andes et 1’orogenése

Taconiene dans les Appalaches [Dalziel et al., 1994]. Une modification des derniers
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modeles place un petit océan entre Laurentia et I’Amérique du Sud avec des arcs dans, ou
en avant des marges respectives au cours de 1I’Ordovicien Inférieur. Dalziel, [1997] suggere
la possible collision d’une plateforme continentale dérivée de Laurentia qui inclut la
Précordillere de 1’Argentine au cours de 1’Ordovicien Moyen. Ces reconstructions
tectoniques globales de 1’histoire Paléozoique des Andes Centrales se basent
principalement sur I’interprétation du registre sédimentaire et faunistique, sur 1’évolution
tectono-magmatique des bassins et sur les données paléomagnétiques [A4stini et al., 1995;

Unrug, 1996; Tosdal, 1996; Dalziel, 1997].

D’un point de vue pétrologique, I’interprétation de I’histoire métamorphique résultante des
événements d’accrétion n’est pas possible a cause du manque de données fiables. Dans les
Andes Centrales, les affleurements des roches métamorphiques sont peu nombreux, mais
observés depuis la Cordillére de la Cote jusqu’a la zone subandine (Figure 11.1). Dans le
nord du Chili, les affleurements continus n’existent pas [Damm et al., 1990, 1994]. En
Argentine des roches métamorphiques, de basse température-haute pression, sont décrites
dans la région de la Puna [Viramonte et al., 1993; Miller et al., 1994] et dans les Sierras
Pampeanas [Rapela et al., 1990; Miller et al., 1994]. Ces roches appartiennent a la

Formation Puncoviscana (et équivalents) du Précambrien Supérieur au Cambrien Inférieur.

Les affleurements de socle métamorphique du nord du Chili (Figure I1.1) ont des
caractéristiques lithologiques et les mémes relations de contact avec les sédiments ou les
roches ignées post-métamorphiques. Les métasédiments riches en quartz et les orthogneis
granitiques a dioritiques sont dominants, tandis que les affleurements de métabasites
correspondent a moins de 5% des affleurements de roches du socle dans le nord du Chili. Le
socle est affecté d’une foliation pénétrative importante, d’orientation générale NS témoigne
d’une déformation ductile, alors que les roches intrusives du Paléozoique Supérieur ne
montrent pas de déformation ductile pénétrative. Ces magmas dioritiques a granitiques ont
¢té mis en place dans les niveaux supérieures des roches métamorphiques et sédimentaires

[Breitkreuz et al., 1989; Lucassen et al., 1999].
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rocks in northern Chile, after Lucassen et al. [1999].




La Figure II1.2 montre un résumé des différents événements magmatiques et
métamorphiques pendant le Protérozoique et le Paléozoique. Le Cycle Pampéen avec son
métamorphisme de haut grade entre les 500-525 Ma a été le plus grand événement de
formation de la crolte continentale [Lucassen et al., 2000]. Dans les roches
métamorphiques de la Cordillére de la Cote, les ages K-Ar en biotite et hornblende sont
rajeunis par la mise en place de I’arc Jurassique. Dans la Cordilléere de Domeyko, la plupart
des ages vont de 420 a 300 Ma pour les hornblendes et entre 300 a 270 Ma pour les
biotites, démontrant ainsi une importante activité magmatique autour de 300 Ma [Lucassen
et al., 1999]. Aux latitudes 21-26°S, la similitude pétrologique et les relations d’age pour les
roches du socle de haut grade a permis de préciser les scénarios géodynamiques du
Protérozoique Supérior-Paléozoique Inférieur pour cette ancienne marge continentale du
Gondwana. Les nouvelles données isotopiques de Lucassen et al. [2000] indiquent un
développement semblable du socle métamorphique entre le sud du Massif d’Arequipa
(18°S) et le nord de la Précordillére de 1’ Argentine (28°S). Un mode¢le de croissance de la
marge Pacifique au nord de la Précordillére de 1’ Argentine, par accrétion de différents
terrains exotiques pendant le Paléozoique Inférieur, n’est pas en accord avec les derniers
résultats d’ages de métamorphisme obtenus. Lucassen et al. [2000] indiquent qu’il n’y a-t-
il pas une zone claire d’accrétion dans la marge entre les 18-26°S, et proposent un modele
de "Ceinture Mobile" pendant le Cycle Pampéen (Figure 11.3). L’exhumation du socle, entre

400 et 300 Ma, est aussi associée aux discordances du Dévonien.

Du Dévonien au Carbonifére, I’activité magmatique dans le nord du Chili diminue
d’intensité. Ce magmatisme et le type de bassins sédimentaires développés dans cette
période ont été interprétés comme les témoins d’une marge passive [Bahlburg et Herve,
1997]. Par contre, I’activité magmatique du Paléozoique Supérieur est amplement distribuée
et correspond aux intrusions de roches granitiques et a la mise en place de roches
volcaniques, a partir de magmas crustaux [Breitkreuz et al., 1989; Lucassen et al., 1999].
Au Carbonifére et Permien Inférieur se sont déposés des sédiments marins carbonatés a
I’ouest de I’arc de la Puna et des sédiments continentaux rouges a 1’est. Du Permien au
Trias, le magmatisme et le volcanisme riche en silice est surtout développé a 1’ouest de
I’actuelle Cordillére Occidentale. Pendant cette période se développent aussi des bassins

sédimentaires en extension [Charrier, 1979 ; Suarez et Bell, 1992].
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Cycle Andin
Pendant le Mésozoique et le Cénozoique, les roches de socle et les structures Paléozoique

des Andes Centrales sont fortement reprises par les événements tectoniques et
magmatiques du Cycle Andin. L’importance du volcanisme Jurassique et Crétacé est en
faveur de I’hypothése d’une subduction plus ou moins continue des plaques océaniques du
Pacifique Oriental sous les Andes. La connaissance des paramétres de convergence de
plaque est assez incertaine pour le Jurassique et le Crétacé. Au cours du Cénozoique, les
variations de vitesse, d’obliquité et I’angle de plongement du slab sont des facteurs
importants et fortement corrélés aux changements de style de déformation le long de la
marge. Dans ’avant arc du nord du Chili, le magmatisme induit par subduction a été actif
depuis au moins 180 Ma [Coira et al., 1982]. 1l est possible de distinguer plusieurs étapes

magmatiques (Figure 11.5,6,7&8) :

- un arc Jurassique-Crétacé Inférieur (180-120 Ma) dans la Cordillere de la Cote.

- un arc Crétacé Moyen (110-85 Ma) dans la Vallée Centrale.

- un épisode volcanique dans la dépression centrale dans le Crétacé Supérieur (85-65
Ma).

- un arc principalement Paléoceéne (65-55 Ma) le long de la pente ouest de la
Cordillére de Domeyko [Scheuber et Gonzalez, 1999; Marinovic et Garcia, 1999;
Cortes, 2000].

- les épisodes magmatiques les plus jeunes dans la région de I’avant arc, d’age Eocéne
a Oligocene Inférieur, correspondent a la mise en place d’une série de stocks
superficiels le long de I’axe de la Cordillere de Domeyko, incluant certains des

porphyres cupriféres géants du nord du Chili [Cornejo et al., 1997].

D’un point de vue tectonique, un nombre croissant de travaux stratigraphiques, structuraux
et paléomagnétiques montrent I’existence de raccourcissements du Crétacé au Paléocene
dans le nord du Chili [Chong et Reutter, 1985; Bogdanic, 1990; Hammmerchschmidt et al.,
1992; Hartley et al., 1992; Scheuber et Reutter, 1992; Charrier et Reutter, 1994; Mpodozis
et al., 1999; Somoza et al., 1999; Arriagada et al., 2000, 2002, 2003].
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Géologie de la Cordillére de la Cote

Stratigraphie

La géologie de la Cordillére de la Cote est principalement déterminée par des laves
andésitiques et des plutons d’un arc magmatique qui a ét¢ actif du Jurassique au Crétacé
Inférieur (Figures I1.5&I1.6). Le socle Paléozoique composé de micaschistes et gneiss d’age
520 et 560 Ma affleure principalement dans la partie nord de la Péninsule de Mejillones
(Fms. Punta Angamos y Jorgino; [Baeza et Pichowiak, 1988]). Dans la partie orientale de la
Cordillere de la Cote (Figure 11.7), des sédiments volcano-détritiques du Trias et des roches
marines du Lias au Sinémurien (Formation Rencoret; [Ferraris et Di Biase, 1978; Muifioz et
al., 1989]) sont recouvert d’une séquence de laves de composition basaltique a andésitique
de quelque 3 a 10 km d’épaisseur (Formation La Negra). Cette relation permet donc de

donner un 4ge maximum Jurassique Inférieur a la Formation La Negra.

Les plutons qui intrudent la séquence volcanique de la Formation La Negra sont des
gabbros ou des granodiorites. Les premiers plutons commencent a se mettre en place autour
des 180 Ma. Cependant, le plutonisme est surtout intense entre le Jurassique Moyen et le
Crétacé Inférieur (160-120 Ma) [Boric et al., 1990]. Les rapports initiaux *’Sr/*°Sr de
I’ordre de 0.703 [Diaz et al., 1985; Hervé et Marinovic, 1989] dans les roches intrusives
excluent la possibilité d’une contamination corticale significative. Les relations de contact
des roches intrusives, ainsi que ses textures montrent que les profondeurs de mise en place
sont faibles (< 10 km) [Damm et Pichowiak, 1981]. Toutefois, au sud d’Antofagasta et au
sud de Mejillones, un niveau crustal plus profond d’environ 12-15 km est a I’affleurement
[Rossling, 1988], qui consiste en des roches intrusives basaltiques et des roches
métamorphiques de composition dioritique et des migmatites (Bolfin Complex, d’age

probable Jurassique Inférieur).

Au sud d’Antofagasta, la Formation La Negra est recouverte en concordance par des
sédiments clastiques de la Formation Caleta Coloso et des roches marines d’age Crétacé
Inférieur (Fm. El Way, Hauterivian-Aptian, Figure I1.6). Des sédiments non consolidés
d’age principalement Mioceéne ("Graviers du Pampas") sont en discordance sur les unités
plus anciennes. Dans la Péninsule de Mejillones ces unités passent a des sédiments marins

de la Formation La Portada (Miocéne) et Formation Mejillones (Pliocéne).
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Structure Régionale

L’arc magmatique de la Cordillére de la Cote est coupée longitudinalement par le Systéme
de Failles d’Atacama. Ce systéme présente une association complexe de mylonites
d’orientation NS avec des zones cataclastiques et une déformation fragile visible le long de
la Cordillere de la Cote du nord du Chili, entre les 22 a 29°S [Hervé, 1987; Scheuber et
Adriessen, 1990; Grocott et al., 1994; Scheuber et Gonzdlez, 1999]. Le Systéme de Faille
d’Atacama a une longue histoire de déformation entre le Jurassique Inférieur et le
Cénozoique. Scheuber et Gonzalez, [1999], ont suggéré que les structures de I’arc
magmatique Jurassique a Crétacé Inférieur se sont développées suivant quatre étapes. Dans
la premicre étape (entre 195-155 Ma), le mouvement est senestre et parallele a ’arc. Dans
la seconde étape (160-150 Ma), il y a eu une forte extension normale a 1’arc. Dans la
troisiéme (155-147 Ma), un changement du régime des contraintes est indiqué par deux
générations de dikes ; la plus ancienne d’orientation NE-SW et une plus jeune d’orientation
NW-SE. Les indicateurs de déplacements senestres enregistrés par la déformation ductile
pendant la quatrieéme étape (jusqu’a ~125 Ma) ont conduit plusieurs auteurs a considérer la
Faille d’Atacama comme un exemple de "trench-linked left-lateral fault". Pendant le Crétacé
Supérieur et le Cénozoique, la déformation fragile est surtout normale avec une composante
décrochante dextre ou senestre suivant la relation entre I’orientation des failles et la

direction d’extension [Hervé, 1987; Delouis et al., 1998].
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Géologie de 1a Vallée Centrale dans la région d’Antofagasta

Stratigraphie

La Vallée Centrale est morphologiquement peu développée dans la région d’ Antofagasta au
sud de la Route d’Antofagasta-Calama (Figure I1.5). Cependant, plus au nord, la région de
Pampa del Tamarugal est une large dépression remplie de sédiments provenant de la
Cordillere de Domeyko et la Cordillere de la Cote. Le long du bord occidental de la Vallée
Centrale, les rares affleurements de roches sédimentaires du Paléozoique Supérieur sont
recouverts en discordance pour une séquence marine d’age Triasique Supérieur a Jurassique
Inférieur (Formation Rencoret, Cortés, [2000]; Figura I1.7) avec des fossiles de 1’Hetangien-
Sinemurien. Ces séquences sont couvertes par des roches andésitiques de la Formation La
Negra. Plus a I’Est, ces laves ne sont pas présentes, mais on trouve une séquence
volcanique continentale d’age Crétacé Moyen (Formation Paradero del Desierto, Cortés,
[2000]), sous-jacente a la Formation Quebrada Mala (voir description ci-dessous). Le long
de la bordure occidentale de la Cordillere de Domeyko, une puissante séquence de
sédiments Jurassiques marins (Groupe Caracoles, Marinovic et Garcia, [1999]) s’est
accumulée dans un bassin arriére-arc associ¢ a I’arc Jurassique-Crétacé Inférieur de la
Cordillere de la Cote (bassin de Tarapaca, Mpodozis et Ramos [1990]; Figure 11.7,8). La
partie supérieure de la séquence est constituée de sédiments continentaux rouges d’age
Jurassique Supérieur a Crétacé Inférieur. Les roches du Groupe Caracoles sont recouvertes
en discordance par une séquence, d’environ 3 km d’épaisseur, constituée de sédiments
continentaux et de roches volcaniques (Formation Quebrada Mala), déposée entre les 85-65
Ma [Marinovic et Garcia, 1999]. Le batholite de la Sierra del Buitre correspond a des
monzodiorites et granodiorites avec des ages K-Ar et *’Ar/*°Ar entre les 74-66 Ma [Cortés,
2000]. A I’Est de la Sierra del Buitre, les unités Mésozoiques sont recouvertes par quelque
500 m conglomérats, des ignimbrites et des laves andésitiques de la Formation Cinchado
d’age Paléocene (63-55 Ma ; Figure I1.8). Localement la Formation Cinchado est recouverte
par de faibles flux de laves et d’ignimbrites de la Formation Cerro Casado (48-45 Ma)
[Marinovic et Garcia, 1999]. Les deux unités sont séparées par une faible discordance

angulaire.

Structure Régionale
La Vallée Centrale est traversée par plusieurs failles et linéaments d’orientation NE-NNE.

La caractéristique structurale la plus importante est un grand linéament qui est parallele a la
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Route d’Antofagasta-Calama "Linéament Antofagasta-Calama" (Figure 1.5, 7, 8). Vers le
SE de ce linéament, la Sierra del Buitre est un bloc structurellement soulevé constitué
principalement par des roches Mésozoiques. La Faille Sierra del Buitre est un systéme de
failles imbriquées inverses, de vergence Est, qui se trouve immédiatement a I’Est de la Sierra
del Buitre (Figure I1.8), et fait chevaucher la Formation Quebrada Mala sur le Groupe
Caracoles. Cette faille, probablement normale lors du dépdt des roches de la Formation
Quebrada Mala, est ensuite réactivée en faille inverse pendant la fin du Crétacé Supérieur-

Paleocene Inférieur [Marinovic y Garcia, 1999].

Plusieurs épisodes de déformation affectent les roches Mésozoiques pendant le Crétacé. La
déformation dans le Groupe Caracoles, particulierement bien marquée dans les niveaux de
roches calcaires et évaporites et caractérisée par des plis de grande longueur d’onde, est
partiellement antérieure au dépot de la Formation Quebrada Mala. La déformation dans la
Formation Quebrada Mala se caractérise par des plis symétriques, avec des axes
subhorizontaux d’orientation N10-N50°E. Finalement, la Formation Cinchado est déformée

principalement par des plis ouverts avec des amplitudes de plusieurs centaines de metres.
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Géologie de la Cordillére de Domeyko dans la région d’Antofagasta

Stratigraphie

La Cordillére de Domeyko, a I’Est de la Dépression Centrale, est séparée de la Cordillere
Occidentale par la Dépression Préandine. La couverture du socle de la Cordillére de
Domeyko est constituée par des roches volcaniques et des sédiments d’age Carbonifére
Supérieur a Triasique [Coira et al., 1982; Reutter et al., 1988; Mpodozis et al., 1993]. Dans
le secteur de Limon Verde, les roches métamorphiques d’age probable Ordovicien [Baeza et
Pichowiak, 1988] sont intrudées par des magmas granitiques pendant le Carbonifere
Supérieur et le Permien [Pichowiak et al., 1990]. La bordure orientale de la Cordillére de
Domeyko, coincide avec un escarpement topographique d’environ 900 m de hauteur
(I’Escarpe del Bordo, Figure I1.9, voir Publications ci-apres). Cet escarpement (environ 120
km et d’orientation nord-sud) correspond a la bordure occidentale du bassin de Salar
d’Atacama. Une ¢épaisse séquence sédimentaire déposée entre le Crétacé Inférieur et
I’Eocéne est en discordance sur le socle Paléozoique de la Cordillére de Domeyko.
Cependant, dans certains secteurs (Cerro Negro par exemple), les roches du Paléozoique
sont en contact par faille inverse sur les unités Mésozoique. Les changements de facies
importants observés le long de I’escarpement (gres, conglomérats, évaporites, intercalations
de coulées volcaniques) associés a des données chronostratigraphiques peu nombreuses
rendent difficiles les corrélations entre les différentes descriptions de cette séquence
[Dingman, 1963; Ramirez et Gardeweg, 1982; Hartley et al., 1992; Flint et al., 1993;
Charrier et Reutter, 1994; Mpodozis et al., 1999]. Les nouvelles données géochronologiques
obtenues au cours de ce travail nous ont permis de proposer une nouvelle interprétation des

environnements de dépdts qui fait I’objet d’un projet de publication en anglais (ci dessous).
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Structure Régionale

La caractéristique structurale principale de la Cordillére de Domeyko est le Systéme de
Failles de Domeyko (SFD). Les mouvements transpressifs dans le SFD ont ét¢ documentés
dans I’Eocéne Supérieur et probablement dans I’Oligocéne Inférieur au sud de Calama, bien
que le déplacement ne dépasse probablement pas les ~2 km [Mpodozis et al., 1993;
Tomlinson et al., 1994]. Au sud de Calama, cependant, la déformation Eocéne (Incaique) est
représentée par un ensemble de failles a vergence Ouest et Est, qui ont soulevé des blocs de
socle et ne montrent pas une composant significative de déplacement décrochant
[Tomlinson et Blanco, 1997a]. Aprés les ~31 Ma, une période de déplacements senestres
est bien documentée pour le secteur au nord de Calama, par la mise en évidence d’un
déplacement de quelques 35 km dans la région de Chuquicamata-El Abra (Falla Oeste ou
West Fissure). Cette faille semble avoir été active jusqu’au Miocéne Moyen [~17 Ma,;
Reutter et al., 1996; Dilles et al., 1997, Tomlinson et Blanco, 1997b]. Des systémes
imbriqués de failles inverses, des plis serrés et renversés caractérisent la déformation
compressive d’age Crétacé-Paléogene. Selon certains auteurs [Chong, 1977; Scheuber et
Reutter, 1992], les déplacements accumulés sur certaines failles inverses sont supérieurs a 5
km. Bien qu’il soit encore nécessaire d’effectuer davantage d’études, les estimations
préliminaires de raccourcissement de la région sont supérieures a 25% [Scheuber et Reutter,

1992].

Au sud du linéament Antofagasta-Calama, la Cordillere de Domeyko est limitée a 1’ouest
par la Faille Centinela d’orientation NS. Celle-ci a été interprétée comme une des failles
principales du SFD [Mpodozis et al., 1993]. Des mouvements décrochantes de type
senestre peuvent étre générés a partir d’un duplex compressif visibles le long de la partie
nord de cette faille [Marinovic et Garcia, 1999]. A 1’est de la Faille Centinela, la Formation
Cinchado et le Groupe Caracoles sont séparés des unités paléozoiques par la Faille Los
Toros (N30°E). Cette faille a été interprétée comme une structure secondaire de la Faille

Centinela [Marinovic et Garcia, 1999].
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Dépression Préandine, Le Salar d’Atacama

Dans le nord du Chili, le Salar d’ Atacama forme la plus forte dépression Préandine séparant
la Cordillére de Domeyko de la Cordillére Occidentale. Le Salar d’Atacama (Figure 11.5,10)
est limitée a 1’Ouest par les unités du socle Paléozoique et sédiments du Groupe Purilactis
de la bordure orientale de la Cordilléere de Domeyko. Le versant oriental du bassin est
constitué par des ignimbrites Mio-Pliocéne et quelques affleurements de roches du
Paléozoique Supérieur (Groupe Peine du Breitkreuz et Zeil. [1994]) et 1’arc volcanique actif
de la Cordillére Occidentale. Le bord sud du bassin est limité par la Cordillére Occidentale
et par le Cordon de Lila. Dans ce secteur la Cordillére Occidentale est décalée d’environ 60
km vers I’Est et prend une orientation NE-SO. Le Cordon de Lila comprend des roches
sédimentaires, volcaniques et plutoniques datant de 1’Ordovicien au Carbonifére [ Niemeyer,
1984; Damm et al., 1991]. Des ages de traces de fission dans des apatites indiquent que ce
socle a été soulevé a une profondeur inférieure a 3-4 km pendant I’Eocéne Supérieur

[Andriessen et Reutter, 1994].

Le bassin d’Atacama a des dimensions approximatives d’environ 100 km en largeur (EO) et
de 200 km de longueur (NS). Son altitude moyenne de 2300 m contraste avec les altitudes
de 6700 m dans la Cordillére Occidentale et de 4300 m du Cerro Quimal dans la Cordillére
de Domeyko. La principale structure visible dans le Salar d’Atacama est la Cordillere de la
Sal, une ceinture plissée et faillée d’orientation SSO-NNE de 5-10 km de large. Cette
cordillére dont la déformation est complexe, est constituée par des sédiments continentaux,
des évaporites et des ignimbrites, datant de I’Oligocene au Pliocéne [Ramirez et Gardeweg,
1982; Flint et al., 1993; Wilkes et Gérler, 1994]. Ce bloc encore tectoniquement actif
traverse le bassin et sépare le Salar du Llano de la Paciencia. Le Llano de la Paciencia est un
sous-bassin étroit (8 km de large) rempli par des éventails alluviaux d’age Quaternaire

[Jolley et al., 1990].
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Manuscrip soumis : La stratigraphie Mésozoique-Paléogéne du bassin de Purilactis-
Atacama, région d’Antofagasta, nord du Chili : Une approximation pour les

premieres étapes de I’évolution tectonique des Andes Centrales Occidentales.

Constantino MPODOZIS, César ARRIAGADA, Matilde BASSO, Pierrick ROPERCH,
Peter COBBOLD, Martin REICH

Résumé: Une section de presque 6000 m de roches sédimentaires et volcaniques d’age
Crétacé a Paléogene (Groupe Purilactis), affleure sur environ 150 km le long de
I’escarpement El Bordo, une grande discontinuité topographique qui forme le bord ouest du
bassin du Salar d’Atacama. Dans le bassin, les roches du Groupe Purilactis sont
généralement couvertes par une épaisse s€quence d’évaporites du Cénozoique supérieur.

La succession stratigraphique du Groupe Purilactis commence, au niveau de 1’escarpement
El Bordo, par environ 1000 m de couches rouges continentales et d’évaporites (Formation
Tonel) accumulées dans un environnement lacustre et sebhka. Les dépots en onlap sont les
témoins du début de soulévement de la Cordillere de Domeyko pendant le Crétacé
"Moyen"-Supérieur. Ces dépots sédimentaires de type avant-pays sont couverts par
quelque 3000 m de grés (Formation Purilactis) et des conglomérats fluviatiles (Formation
Barros Arana) provenant de 1’ouest et qui représentent la réponse sédimentaire a une
nouvelle impulsion de soulévement tectonique le long de la Cordillére de Domeyko. Des
coulées volcaniques de géochimie alcaline et des ignimbrites (Formation Cerro Totola, 64-66
Ma K/Ar) intercalés avec des sédiments rouges et des conglomérats et dans une localité
avec des roches calcaires marines, couvrent en discordance la Formation Purilactis dans la
zone centrale/sud de I’escarpement El Bordo. En discordance sur les laves de Cerro Totola,
la Formation Naranja correspond a quelque 900 m de conglomérats surmontés par des gres
et des évaporites déposés pendant le Paléocéne. Les gres et conglomérats de la Formation
Loma Amarilla correspondent aux dépdts sinorogéniques de déformation transpressive de la

phase de Incaique.

Article soumis a Tectonophysics
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Abstract

The Atacama basin, the largest negative topographic anomaly along the western Andean
slop in Northern Chile was formed in the Early Late Cretaceous as consequence of the
tectonic collapse and inversion of the former northern Chile Jurassic-Early Cretaceous back
arc basin. Inversion led to uplift of the Cordillera de Domeyko (CD), a thick-skinned
basement range bounded by a system of reverse faults and blind thrusts with alternating
polarity along strike. Syntectonic sediments were deposited in discontinuous basins both
to the east and west of the CD. The almost 6000 m Late Cretaceous-Early Paleocene
sedimentary (volcanic) section (Purilactis Group) infilling the Atacama basin reflects rapid
local subsidence east of the CD, possibly controlled by the anomalous dense crustal body
associated to the CAGH gravimetric anomaly. The oldest sequence of the Purilactis Group
(Tonel Formation) is formed by more than 1000 m of continental red sandstones and
evaporites, deposited as growth strata during the initial stages of CD uplift. Tonel strata
are capped by of up to 3000 m of sandstones and conglomerates of western provenance,
representing the sedimentary response to renewed pulses of tectonic shortening and

deposited in alluvial fan, fluvial and eolian settings together with minor lacustrine mudstone
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(Purilactis Formation). These are covered by c.a. 500 m of coarse, proximal alluvial fan
conglomerates (Barros Arana Formation). Maastrichtian alkaline lava and minor welded
tuffs and red beds (Cerro Totola Formation: 70-64 Ma K/Ar were, finally, deposited when
the El Molino-Yacoraite Late Cretaceous sea covered large tracts of the Altiplano-Puna
domain. Limestones interbedded with the Totola volcanics indicate that this marine
incursion advanced to west to reach the eastern CD slope. Late Cretaceous CD shortening
was accompanied by volcanism and continental sedimentation in fault bounded strike slip
(pull-apart) basins along the north Chilean magmatic arc to the west. Oblique plate
convergence during the Late Cretaceous, seems to have been resolved into a highly
partitioned strain system where margin-parallel displacements along the thermally
weakened arc coexisted with margin-orthogonal shortening associated to syntectonic

sedimentation in the Atacama (Purilactis) basin in the back arc.

Introduction

The Salar de Atacama (or Atacama) basin is the largest negative topographic anomalies
occurring along the generally "smooth" western slope of the Central Andes in northern Chile
(Isacks, 1988; Gephart, 1994, Figures 1, 2). The basin overlaps the prominent Central
Andean Gravity High (CAGH), a first order, oblique, NW trending feature of the residual
gravity field (Gotze and Kirchner, 1997; Gotze and Krause, 2002). The Atacama basin has
been a long-lived subsiding region since the Paleozoic (Ramirez and Gardeweg, 1982;
Breitkreutz at al., 1992; Hartley et al., 1992a; Flint et al., 1993; Mufioz et al., 1997, 2002)
and is now filled by more than 8 km of sediments (4 sec TWT, Macellari et al., 1991). One
of the key elements of the basin fill (Fill Unit 2 of Flint et al., 1993) is a sedimentary
(volcanic) Cretaceous to Paleogene unit, almost 6 km-thick, described, generally in the
literature, as the "Purilactis Group". The understanding of the stratigraphy, age, facies and
sedimentary history of the Purilactis Group is key to any model trying to get an hold on the
Cretaceous to Paleogene tectonic evolution of the Central Andes, as the Purilactis Group
has been frequently compared with the sediments of the Salta Rift in Argentina (Salfity et al
, 1985; Salfity and Marquillas, 1994, 1999; Galliski and Viramonte 1988; Coutand et al.,
2001) or the sedimentary Cretaceous to Tertiary sequences of southwestern Bolivia
(Welsink et al., 1995; Sempere et al., 1997; Horton et al., 2001; McQuarrie et al., 2003).

Purilactis strata crop out, along the western margin of the Atacama basin along the El Bordo
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Escarpment, a NNE trending 120 km long, 800 m high, cliff, which bounds the basin to the
west, and define the eastern edge of the Cordillera de Domeyko (Mpodozis et al., 1993a,b;
Maksaev and Zentilli, 1999). Purilactis strata has been imaged by industry seismic lines at

the subsurface in the Atacama basin and tested at the Toconao 1 deep exploration oil well

(Mufioz et al., 1997; Mufioz and Charrier, 1999; Muioz et al., 2002).

Numerous authors have studied the stratigraphy of the Purilactis Group (Briiggen,
1934, 1942, 1950; Dingman 1963; Ramirez and Gardeweg 1982; Marinovic and Lahsen
1984; Hartley et al., 1988, 1992a; Flint et al., 1989; Charrier and Reutter, 1990, 1994;
Hammerdschmidt et al., 1992; Arriagada , 1999; Mpodozis et al., 1999). In spite of this,
important disagreements about the stratigraphy and age of the Purilactis Group persist,
which is no surprise considering the non-fossiliferous nature of the sequence and the
scarcity of interbedded tuffs or volcanic horizons suitable for dating. Consequently,
different and even conflicting models about the tectonic evolution of basin have been
proposed. These discrepancies have made difficult to validate probable regional correlations
with southwestern Bolivian and northwestern Argentine sequences and, in turn, has led to
incomplete or faulty regional tectonic synthesis for this critical period of the Central

Andean history.

In this contribution we intend to present a reassessment of the stratigraphy and age of the
Purilactis Group and discuss its implications for regional tectonic models. Detailed mapping
carried out during 1997-2000 permitted us to collect a set of samples from previously
undated volcanic horizons from which we obtained 10 new K-Ar ages. These ages, the
recognition of major structural discontinuities, the study of lateral facies changes and the
revision of all previously published age-significant data serve the starting point to build in

the new stratigraphy system we here propose.

Geological Framework of the Atacama Basin

The Atacama basin is a low lying region, 200 km (N-S) long by 100 km (E-W) width, at an
average altitude of about 2300 m which extends in the modern Andean fore arc of northern
Chile between 22°30" and 24°30°S, with its center occupied by the active Salar (salt pan) de

Atacama (Figures 1, 2). The basin is found directly west of a sharp bend in the present
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Central Andean arc (Western Cordillera) which, in this particular area retreats 60 km
eastwards from its regional north/south trend (Figure 1). The basin is bounded to the west
by the Cordillera de Domeyko (or Precordillera), a basement range, uplifted during
Cretaceous and Eocene tectonic events, which reach an average altitude of 3000 m.a.s.L
(Ramirez and Gardeweg, 1982; Flint et al., 1993; Charrier and Reutter, 1990, 1994;
Mpodozis et al., 1993a,b, 1999).

Main morphological features of the western Atacama basin and eastern Cordillera de
Domeyko region include, from west to east, the Cordillera de Domeyko, El Bordo
Escarpment, Llano de La Paciencia, the Cordillera de la Sal and, finally, the active Atacama
salt pan (Figure 2). The Cordillera de Domeyko is formed by Late Carboniferous to Early
Permian rhyolitic ignimbrites and domes, associated to volumetrically minor basaltic to
andesitic lavas and intruded by granitoid plutons which have yield K-Ar, Rb/Sr and U/Pb
(zircon) ranging between 300-200 Ma (Davidson et al., 1985; Mpodozis et al., 1993a;
Breitkreutz and van Schmus, 1996). The top levels of the volcanic succession include, north
of Cerro Quimal (Figure 3,4) 1200 m of fossiliferous, plant-bearing lacustrine, sediments
which, recently has been attributed a Triassic age (Basso and Mpodozis, in prep). The
eastern border of the Cordillera de Domeyko coincides with the 'El Bordo' Escarpment
where, unconformably overlying the Paleozoic (Triassic) basement, a thick succession of
Cretaceous to Miocene continental sediments, including the Purilactis Group, is exposed
(see below). Further east the Llano de la Paciencia is a narrow 80 km long N-S, and 8 km
wide sub/basin filled by a complex coalescing quaternary alluvial fans (Jolley et al., 1990)
secluded from the main, Atacama basin by the Cordillera de la Sal, a still tectonically active
north-south ridge of complexly deformed Oligocene-Pliocene, evaporite-rich, continental
sediments and ignimbrites (Ramirez and Gardeweg, 1982; Flint et al., 1993; Wilkes and
Gorler, 1994, Kape, 1996; Mpodozis et al., 2000; Blanco et al., 2000). The older and best
exposed sequences of the Mesozoic to Cenozoic Atacama basin fill basin occur in a series of
major E/W to NW/SE trending canyons, cutting trough El Bordo Escarpment. Further to the
east, but however, unexposed, also form the lower section of the Llano de la Paciencia and

the Atacama Basin sedimentary fill (Macellari et al., 1991; Muiioz et al., 1997).
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Stratigraphy and structure of the El Bordo Escarpment area

Recent regional 1:50.000 and 1:100.000 mapping along the El Bordo Escarpment (Arriagada,
1999; Mpodozis et al., 1999; Arriagada et al., 2002; Basso and Mpodozis, in prep.) allowed
the identification of seven major stratigraphic sequences, probably spanning the Late
Cretaceous-Oligocene time interval. Mpodozis et al. (1999) embodied the lowermost five
within the Purilactis Group and briefly described their main stratigraphic characteristics.
However, after recognizing the importance of the regional unconformity between Paleocene-
Eocene and the older strata we here prefer to limit the Purilactis Group to the lowermost
four units, which share an interrelated evolution and history. The renamed Purilactis Group
comprise (bottom to top) the Tonel, Purilactis, Barros Arana and Totola Formations
(Figures 3,4, 5). During the Neogene the basin continued to evolve showing a complex
history of Neogene sedimentation, volcanism and deformation (see Wilkes and Gorler, 1994;

Blanco et al., 2000; Kappe, 1996; Mpodozis et al., 2000), to be discussed elsewhere.

The main structure affecting the Cretaceous sedimentary sequences along the El Bordo
Escarpment is a very large (up to 15 km wavelength) syncline (Barros Arana Syncline)
which extends for more than 80 km between Cerro Totola and Pampa Vizcachita (Figures 4,
5). Fold geometry changes from tight-chevron in the south (east of Cerro Quimal) to open-
concentric to the north (Cuesta de Barros Arana) while the trend of its axial surface shifts
form N60°E (Cerro Totola) to NNE (Barros Arana). The syncline is bounded to the west by
outcrops of Paleozoic to Triassic intrusives and (mainly) volcanics forming the easternmost
ranges of the Cordillera de Domeyko. Contact relations between basement and cover are not
easy to investigate, as in most places it is cover by Tertiary (Eocene-Miocene) gravel-rich
sequences (Figure 4). Only around Cerro Quimal a complete structural section can be
investigated. There, immediately west of the Purilactis Syncline (Barros Arana Syncline),
Triassic (?) sediments and volcanics underlying the Tonel Formation along the eastern edge
of the Cordillera de Domeyko block are deformed in a, east verging, overturned growth
anticline (Quimal Anticline: Figure 4). Cretaceous Purilactis Group sediments form the
external, discordant, eastern, sedimentary envelope of the anticline, cored by Late Paleozoic
lavas, which appears to be a fault propagation fold associated to a blind thrust rooted to the
west in the Cordillera de Domeyko basement. All the Cretaceous units (Tonel, Purilactis,

Barros Arana and Totola) are folded.
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Figure 4: Geological map of the Barros Arana area.






Figure 5: Geological map between Cerro Quimal and Cerro Negro area






A remarkable angular unconformity between the "Orange Formation" (Figure 3) and the
Purilactis Group south of Cerro Totola clearly indicates that, Quimal-Barros Arana fold
system was already formed by the earliest Paleocene although its original geometry was
later modified during the Incaic (Eocene) and other, Neogene, deformation episodes (see
Arriagada et al, 2000). Late stage reactivation can be seen along the western limb of the
Barros Arana Syncline at Cerros de Purilactis where a detaichment separating the Purilactis
Formation from the upper evaporites of the Tonel Formation acts as the décollement level
for a west verging back-thrust (Purilactis Fault) carrying westwards Purilactis strata on top
of Miocene gravels (Figure 4). Secondary west verging back thrusts tectonically repeat

Purilactis beds along the western limb of the syncline.

Folding of the axis of the Barros Arana Syncline around the Cerro Quimal basement block
(Figures, 4, 5) is considered by Arriagada et al (2002, 2003) to be a consequence o the
clockwise rotation of crustal locks during the Eocene Incaic deformation. The effects of the
Incaic episode seems to be specially important in the Cerro Negro area (Figure 5) where
discrete basement blocks are thrusted eastwards over the Purilactis Group, post Purilactis
Paleocene-Eocene (“Orange” formation) and syntectonic Eocene- Oligocene strata (Loma
Amarilla Formation). Deformation is particularly important in the thrust's footwalls where
the Orange Formation show a complex array of tight, hectometric scale isoclinal to chevron

folds with sub vertical axial surfaces.

Lower Purilactis (Late Cretaceous?): Tonel, Purilactis and Barros Arana

Formations

The lowermost, sedimentary, units of the redefined Purilactis Group are, essentially the
same originally recognized by Briiggen (1942). The Tonel Formation was first described by
Briiggen’s as the Salina de Purilactis Formation and was renamed as the Tonel Formation by
Dingman (1963). The Purilactis Formation was also first described by Briiggen
("Porphyritic" Purilactis Formation). Finally, the Barros Arana Formation (Barros Arana
Strata in Arriagada, 1999 and Mpodozis et al., 1999) which is exposed at the core of the
Barros Arana Syncline (Figure 4) is equivalent to the Conglomerados de Purilactis

Formation of Briiggen’s. It was also recognized as an independent unit by Hartley et al.
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(1992a) and Flint et al. (1993) although they included this unit as a part of the Cinchado

Formation (sensu Ramirez and Gardeweg, 1982).

Tonel Formation

This sequence, corresponds to a succession of red beds and evaporites deposited in smooth
angular unconformity over late Triassic and volcanics and sedimentary rocks outcropping
along the eastern edge of the Cordillera de Domeyko, northeast of Cerro Quimal (Figure 4).
Its outcrops extends for more than 60 km along the El Bordo Escarpment (Cordon de
Barros Arana to Cerro Oscuro.. The lower beds of the Tonel Formation are formed by 60 m
of medium grained breccias and conglomerates with basement-derived andesitic, rhyolitic
and sedimentary clasts (alluvial fan facies, deposited in a proximal alluvial fan/valley fill
environment, Hartley et al., 1992a). Middle Tonel, by contrast, is formed by 400 to 1000
m. finely bedded, laminated red-brown sandstones, some of them displaying planar cross
bedding, and gypsum nodules. In some places, the sandstones alternate with thin
(centimeter-thick) gypsum layers. At Cerros de Tonel, massive and complexly deformed
anhydrite deposits of unknown total thickness form the top of the formation (Figures 3, 4).
According to Hartley et al. (1992a) this sequence represents a playa/shabka facies
association accumulated in playa mudflat and fringing sandflat environment. Paleocurrent
measurements generally indicate a western source provenance. Numerous, disrupted
lamproitic blocks, ("hornblendites" Dingman, 1963) several meters in diameter, and clearly
visible, as "red specks" in the TM images, come out embedded into the upper anhydrite
complex. These coarse porphyritic rocks, possible parts of a dismembered dyke swarm,
show, in the field, a typical green color and large (1-4 mm) amphibole, pyroxene and

plagioclase phenocrysts.

Purilactis Formation

A faulted (detached) contact over the Tonel Formation marks an abrupt upwards transition
to the Purilactis Formation in the Barros Arana Syncline (Figure 4). The Purilactis
Formation as a whole form a sequence of almost 3000 m of sandstones, red mudstone and
minor conglomerate in which the detrital fraction is dominated by andesitic to rhyolitic
volcanic material, quartz and abundant potassium feldspar. Fragments of the mafic
hornblende-rich dykes, which intrude the Tonel Formation, and fossil bearing, Jurassic

limestone clasts, are also present (Briiggen, 1942; Dingman, 1963; Ramirez and Gardeweg,
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1982). Paleocurrent data indicate a western source for the sediments (Hartley et al., 1988,
1992a).

Hartley et al. (1992a) divided the Formation into five members of regional extent. The
lowermost (Limén Verde) includes 400 m of fine to coarse, reddish, cross-bedded
sandstones, conglomerates, and, thin, red, mudstone deposited as sheet floods in an alluvial
fan setting (Hartley et al., 1992a). 700 m of red sandstones, mudstones, minor conglomerate
and evaporites (Lican Member), which represent canalized and sheet flood sediments
accumulated in a medial/distal alluvial fan and playa environment follow. Continuing
upwards (Figure 3) , the Vizcachita Member, is formed by almost 300 m of light-green,
cross-bedded, eolian (dune) sandstones and structureless fluvial sands which, near the top,
in Quebrada Seilao include 40 m thick, strongly altered, porphyritic andesitic lava.
Vizcachita sandstones gradually merge upwards with more than 1000 m coarse
conglomerates and sandstones (Seilao Member, Figure 3) with volcanic clasts up to 30 cm in
diameter, which accumulated as sheet flood and canalized sandstones during repeated cycles
of alluvial fan progradation from the west (Hartley et al., 1992a). Finally, the top of the
Formation in the Barros Arana area Cerros de Purilactis area corresponds to a sequence of
250 m of "varved" black mudstones and sandstones (Rio Grande Member) which Hartley et

al. (op cit) considered to have been deposited in a shallow lake environment.

Barros Arana Formation

The upper member of the Purilactis Formation (Rio Grande) is overlain by a sequence of
550 m of coarse-grained conglomerates, which outcrop at the core or the Barros Arana
Syncline (Figures 3, 4). The reddish, well cemented conglomerates and associated
sandstones from laterally extensive beds, up to 50 m thick with sub-rounded and
moderately sorted clasts up to 20 cm in diameter, composed mainly by Paleozoic granitoids
and rhyolites and a minor andesite and limestones. Imbrications indicate a western
provenance. According to Hartley et al. (1992a), this unit corresponds to an association of
facies accumulated as proximal sheet and channel conglomerates and high-density flood and

debris flows deposited in a proximal alluvial fan setting.
Similar rocks are also exposed at Cerros de Ayquina, approximately 45 km to the north of
Cerros de Purilactis (Marinovic and Lahsen, 1984). When compared to the underlying

Purilactis Formation clasts The Barros Arana (and the Ayquina conglomerates) shows a
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noticeable larger volume of basement-derived granitoid clasts which may indicate deep
exhumation of the Cordillera de Domeyko during an increasing period of erosion and uplift
as its is also reflected by the much more energetic depositional environment. The fact that
the Ayquina conglomerates rest directly on top of the basement suggest the probable

existence of an unconformity between the Purilactis and Barros Arana Formations.

Age constraints

One of the main difficulties in relation to the Purilactis, Tonel and Barros Arana formations
concerns its poorly constrained age. No hard data about the age of the Tonel Formation is
available although the formation is doubtless post Triassic as indicated by a new *°U/Pb
age obtained for underlying volcanics (dacitic tuffs) near Cerro Quimal (Basso and
Mpodozis, in prep). Two K/Ar whole rock dates of the altered, dismembered lamproitic
dykes associated to the upper Tonel Formation (PC-1 and PC-22, Table 1) we collected
south of Cordén de Barros Arana (Figure 4) gave ages of 40,6A2.4 and 47,9A1,6 Ma.
Macellari et al. (1991) obtained an older, whole rock, age of 63,6+2,8 Ma for the same
hornblende-rich dykes at Quebrada Los Condores even though they admit that this may
represent a minimum age considering the "deep weathering of the rocks in the area". We
concur and believe that these results represent only resetted values as an andesitic dyke
intruding the middle member of the Tonel Formation, yield a K/Ar age of ca 68 Ma (see
below). These numbers only allow the Tonel to be placed in the general Jurassic-Cretaceous

interval.

A shorter "permitted range" exists, however, for the Purilactis Formation. The occurrence of
reworked mid Jurassic marine fossils (Vaugonia v. l. gottschei (Moericke), Perisphinctes
sp, Ramirez and Gardeweg (1982) and the fact that part of the strata are unconformably
covered by the 66-65 Ma volcanics of the Totola Formations (Figures 4, 5) as well as
intruded by a late Cretaceous complex of dykes and stocks dated (K/Ar) between 70 —61
Ma (see below) constraints the age of the Purilactis formation to the Late Jurassic-
Cretaceous interval. Flint et al. (1989) reported a *°Ar/*°Ar date from a lava flow
interbedded on the middle part of the Purilactis Formation (Seilao Member) at Quebrada
Seilao, which yield an "age" of 63,8A1,9 Ma (Figure 3). Nevertheless, the extremely

disturbed Ar release spectra, the strongly altered nature of the sampled rocks and the very
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low K content of the analyzed clinopyroxene indicate that this, is a questionable

"minimum" value inconsistent with the regional stratigraphic relations.

Arriagada et al. (2000) carried out a detailed paleomagnetic survey on the Tonel and
Purilactis Formations sampling 10 sites in the middle member of the Tonel Formation and
other 20 sites mainly the lower part of the Purilactis Formation (Limén Verde and Lican).
Results indicate that all these samples acquired its characteristic magnetization during a
normal polarity interval. This observation and the Late Cretaceous age of the overlying
volcanic rocks of Cerro Totola Strata (which, in contrast, show both normal and reverse
polarities) led Arriagada et al. (2000) to suggest that deposition and magnetization of the
lowermost units of the Purilactis Group occurred during the Cretaceous normal polarity
superchron, between 119-84 Ma (Cande et al., 1988; Besse and Courtillot, 1991). Hartley
et al. (1991, 1992b) also report paleomagnetic data for the Purilactis Formation in the
Barros Arana area (Figure 4) . Samples came, apparently, from higher stratigraphic levels
and exhibit both normal and reverse polarities which its consistent with its younger age,
although Arriagada et al. (2000) draw attention to the fact that these may be secondary

magnetizations and not primary values.

Tectonic controls on sedimentation

Flint et al. (1989), studying the outcrops along the Barros Arana region suggested that the
Purilactis basin was formed following a compressive deformation event which led to the
emergence of the Proto-Cordillera de Domeyko in the "mid Cretaceous". However, the
study of some of the ENAP (Chilean National Oil Company) seismic lines which seemingly
show that the Purilactis Group strata thickens westwards led Flint et al. (1993), later to
suggest that the tectonic environment during deposition of the Purilactis was dominantly
extensional. Macellari et al. (1991) suggested that the Purilactis Fault may have been formed
in the Early Cretaceous, as an east dipping listric normal fault with at least 4 km of vertical
throw normal fault which originally delineated the western boundary of the Purilactis basin
and was reactivated as inverse during the Tertiary.

However, and unlike these views, our observations near Cerro Quimal indicate that the
Lower units of the Purilactis Group (Tonel Formation) were deposited under a
compressional regime instead. The sandstones of the Tonel middle member, exposed along

the eastern limb of the east-verging Quimal Anticline, form part of a panel which exhibit
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progressive internal unconformities as shown by a systematic decrease in dip from very
steep (80°E) to gentle (30°E) when moving away (eastwards) from the basement-cover
contact. Individual bed thickness increases from west to east (see Figure 6) while the strata
are deformed by second-order upwards attenuated synclines, following a pattern described
elsewhere as typical for syntectonic growth strata deposited in an active compressional
environment (Riba , 1976; Barrier, 2002). Growth structures and compressional folding led
us to infer that, the lower and middle section of the Tonel Formation accumulated in a
compressional context during the growth of the Quimal Anticline during the Late(?)
Cretaceous (Arriagada et al., 2002).

The evaporites of the Upper Tonel may well indicate a period of relative tectonic
quiescence and subdued fold "growth" which culminated with the emplacement of the Tonel
mafic dyke swarm (hornblendites). The occurrence of "hornblendite" clasts in the basal
layers of the Purilactis Formation seems even to indicate according to Dingman (1963) a
period of no deposition-erosion. The drastic facies change of the evaporites of Tonel
Formation to sandstones and conglomerates of alluvial fan, and eolian-lacustrine facies of
Purilactis Formation show an important increase in the sedimentary energy, triggered by
renewed uplift and shortening in the Cordillera de Domeyko. Finally, the conglomeratic
Barros Arana Formation can be considered an independent unit which progrades, probably,
from the west into to the Purilactis basin although its age is yet to be better constrained.
The large volume of Paleozoic granitoid clasts in the Barros Arana Formation (Hartley et al.,
1992a), which are almost absent in the Purilactis Formation, indicate deep erosion and the
unroofing of Paleozoic intrusive complexes, that today constitute most of the exposed rocks

in the Cordillera de Domeyko.
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Figure 6: Syntectonic growth strata in the middle member of the Tonel Formation, east of the Cerro Quimal.






Upper Purilactis (Campanian -Lower Paleocene) :Totola Formation and related intrusives

To the south-east of Cerro Quimal, playa and alluvial playa fan facies of the Lican Member
of the Purilactis Formation and red beds of the Tonel Formation are unconformably overlain
by a volcanic-sedimentary sequence, first described as an independent unit by Arriagada
(1999) and Mpodozis et al., (1999). This unit was previously attributed by Ramirez and
Gardeweg (1982) to the Cinchado Formation and considered by Charrier and Reutter (1994)
to be part of their "Purilactis" Formation. The sequence, at the core of the Barros Arana
Syncline, is constituted by an 800 m thick succession of andesitic, andesitic-basaltic and
minor dacitic lava flows, interbedded with welded rhyolitic ignimbrites, and, at its base,
coarse red, volcaniclastic conglomerates and sandstones. 60 km south of Cerro Totola, at
Cerro Pintado, another, small outcrop of the Totola Formation can be found. Its base is not
exposed and , to the west is overthrusted by a mafic Paleozoic lavas. This outcrop is
specially interesting because there, 100 m of andesitic to basaltic flows are capped by 150
m of red conglomerates and calcite-cemented sandstones which alternate with gray
limestone beds up to 5 m thick and composed mainly by sparry calcite but including some

bioclastic material which point to an organic (marine) origin.

Equivalent units are also probably present in the subsurface of the Salar, forming the oldest
units recognized in the Toconao 1 well. According to Mufioz et al. (1997) at 2980 m below
the subsurface, the well penetrated red claystone and siltstone and minor shallow water
marine carrying foraminifera and pollen of Senonian age. Although this strongly folded, unit
was considered by Muiioz et al. (1997) to unconformably cover a "Paleozoic basement"
unit of andesitic lavas, tuffs and sandstones and minor limestone intercalations. The review
of the seismic lines and original wells reports doesn't permit to discern any definitely

unconformity and, contrary to described, any Paleozoic diagnostic fossil assemblage.

The Cerro Totola basalts and basaltic andesites are porphyritic rocks with idiomorphic
plagioclase and clinopyroxene phenocrysts. Groundmass, pilotaxitic in part, include
plagioclase microlites, pyroxene and opaque minerals. The intermediate portion of the lava
flows is massive fresh, while the flow tops exhibit quartz and zeolite-filled vesicles. The

andesitic lavas include albitized plagioclase, amphibole and biotite phenocrysts embedded in
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a microgranular array of plagioclase and opaque minerals. Calcite occurs in fractures and
veins throughout the flows. Dacites are also porphyritic with albitized plagioclase
phenocrysts immersed in a devitrified glassy groundmass with plagioclase microlites and
opaque minerals. Finally, the ignimbrites are rhyolitic, biotite-amphibole rich, welded tuff,

with stretched pumice fragments, and andesitic lithic fragments in a devitrified groundmass.

Totola-related intrusives

At Cerro Totola the lavas are intruded by a swarm of sub vertical basaltic to dacitic dikes,
less than 10 m thick which also cut the Tonel and Purilactis formations southeast of Cerro
Quimal where they seem to form a radial array around the Cerro Quimal stock, a Late
Cretaceous granodiorite stock, 5 km in diameter emplaced in Triassic volcanics of the
Cordillera de Domeyko basement. North of Quebrada El Salto the dykes trend N60°W and
N30-40° W. These dykes are, probably feeders of the Totola volcanics as they share the
same chemistry and age. Irregular, smaller size, stocks, hundredths of meters of maximum
length also intrude the Totola and Tonel formations around Quebrada Tonel, near Quebrada
El Salto and southeast of Cerro Pichungo (Figure 5 ). The large (25 km?) Cerro Quimal stock
is formed by medium-grained amphibole-biotite granodiorite but also small (1 km?)
pyroxene bearing diorite stock occur also west and south of Cerro Quimal. Dacitic stocks
and dykes, further east display a porphyritic texture, albitized plagioclase amphibole and a
small percentage of clinopyroxene (< 2%) while the basaltic andesitic to andesitic dykes,
outcropping in the same general area, are also porphyritic, with plagioclase and pyroxene

phenocrysts including biotite in the less acidic facies.

Age

We have acquired four new K/Ar ages for the, previously undated, Totola lavas and also, 5
ages for related dykes and intrusives (Table 1). Two of these correspond to concordant
K/Ar whole rock ages of 66,0+2,0 and 65,0+2,0 Ma from lava flows forming part of the
eastern limb of the Totola Syncline (samples PC 26, PC 27, Figure 5) while another age of
64,0+2,0 was recently obtained by Basso and Mpodozis (in prep). These ages are older
than other K/Ar (whole rock), 61,0+2,0 Ma value we got for a basaltic-andesitic lava flow
sampled further south, near Cerro Oscuro (PC 28, Figure 5). Yet, we interpret this number
as a minimum value because one andesitic dyke (PC 29) intruding the Totola lavas nearby

yield an 66,0 £2,0 Ma (whole rock) age. Other K/Ar (biotite) ages from dykes intruding the
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Tonel Formation north of Quebrada Tonel (PC 39= 68,0+2,0 Ma) and the Purilactis
Formation southeast of Cerro Quimal (PC 33=66,+2,0 Ma) fall in the same general range
indicating the main period of volcanism and dyke emplacement occurred , most probably,
during the Maastrichtian to earliest Paleocene interval. Only one andesitic dyke (PC 40)
intruding the middle member of the Tonel Formation at the Quebrada el Salto turned out to
be younger (61,0+3,0 Ma, whole rock, see Figure 5). The largest intrusive bodies also gave
similar ages to the Totola Formation. Ramirez and Gardeweg (1982) reported two (biotite)
ages of 66,4+1,4 and 64,4+1,4 Ma for the monzonite to granodiorite Cerro Quimal stock for
which Andriessen and Reutter (1994) obtained a slightly younger (biotite) age of 63,3+0,7
Ma. We produced two other hornblende ages of 70,2+2,0 and 63,0+2,0 Ma from andesite
porphyries (PC 17, PC 52) outcropping 10 km to the south of Cerro Totola and another
(K/Ar) biotite age of 68+2 Ma for diorites outcropping southeast of Cerro Quimal (Basso
and Mpodozis, in prep).

Rocks equivalent to those the Totola Formation outcrop also further north along strike with
the structural axis of the Barros Arana Syncline, some 100 km. NNE of Cerro Quimal
where they has been described as the Lomas Negras Formation (Lahsen, 1969, Marinovic
and Lahsen, 1984). This unit (base unexposed) outcrops in an erosional window below
Miocene-Pliocene volcanics and includes 500 m of "andesitic" lavas, interbedded with
multicolored conglomerates, sandstone, mudstone and thin beds (1-3 m) of marine,
fossiliferous, (oolitic) limestones including bivalves (Brachiodonte sp?), foraminifera, fish
bones, trace fossils and plant remains (Marinovic and Lahsen, 1984). It can be considered a
direct equivalent to the Totola Formation as shown by a *’Ar/*’Ar (biotite) plateau age of
66,6+ 1,2 Ma for a lapilli tuff near the base of the Formation reported by Hammerdschmidt
et al. (1992).
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Geochemistry

9 selected whole-rock major and trace element analysis of samples of mafic lavas from the
Cerro Totola Formation and associated dykes are presented in Table 2. Silica content
varies from 46 to 51 % SiO,. All the rocks show high Na,O+K,O values which allow them
to be classified as and alkaline suite according to the various criteria summarized in
Rollinson (1993). Chemically the lavas are trachybasalts and basaltic according to the TAS
classification of Lemaitre et al. (1989). The dykes (44 to 52 % SiO,) show a slightly higher
alkali content as two of the samples (PC 33, PC 40) fall in the tephrite-basanite, and
tephriphonolite fields of the TAS classification diagram. Despite the fresh appearance in
hand-specimen and thin section of the analyzed rocks, the moderate to high loss on ignition
values (LOI>2 wt%) suggests some alkali remobilization by alteration. However, the
alkaline affinity of the lavas and dykes is confirmed considering their relative high TiO, and
P,05 content as it's shown in discrimination diagrams for basalts of Winchester and Floyd
[1976, Figure 7 ). The lavas and dykes are enriched in incompatible elements (K, Ba, Rb,
Sr), when compared to MORB values (Figure 8). The chondrite-normalized REE patterns
present a gentle slope (La/Yb= 7-13) and no Eu anomalies. Light REE are only slightly
enriched in relation to the heavy's (La /Sm= 3-6, Sm/Yb= 2-3, Figure 9).
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Table 2 — Representative major and trace element whole-rock analyses.

Lavas Dykes

Sample: PC-49 PC-26 PC-28 PC-53 PC-45 PC-27| PC-40 PC-41 PC-33

Si0, 4642 4649 4953 5030  53.13 5646 44.81 4799  51.69
ALO; 17.50  17.66  17.32 1726  19.84 2049 1504 16.16 17.92
TiO, 121 125 093 092 068 048 105 079 077
Fe,0; 877 9.4 895  7.04 425 316/ 6.11 555 450
FeO 216 227 104 137 121 072 510 360 201
Ca0O 837 865 948 755 429 392 932 691 519
MgO 466 436 399  4.68 174 107 647 589 277
MnO 018 018 018 018 017 014/ 025 017 0.8
Na,0O 443 435 334 433 494 578 299 425 410
KO 1.63 141 257 239 535 502 337 303 579
P,0;s 0.7  0.66 07 037 053 029 057 062 048
LOI 367 344 195 316 358 238 471 485 491
Total 99.69  99.86  99.98  99.55  99.71  99.92|  99.8  99.82  99.91
Ba 1500 1500 615 645 2000 1400 852 1000 1800
Rb 27 13 61 57 60 91 73 59 118
Sr 1200 1400 944 718 1300 1600 534 699 407
Y 23 19 24 21 18 18 19 20 21
Ni 15 13 7 15 - - 26 22 -
Cr 23 29 19 54 6 6 52 95 7
Nb 10 6 5 8 15 12 - - 10
Zr 115 102 104 115 165 199 67 96 157
La 22 25 186 189 26 24 11 16.5 27
Ce 51 49 43 42 55 51 25 39 53
Pr 6 5.7 52 49 6.1 510 3.1 4.7 -
Nd 27 25 25 23 25 21 15.8 23 26
Sm 6 5.6 5.8 5 49 43 4.2 53 538
Eu 187 167 174 159 1.43 1.31 1.41 158 1.6l
Gd 55 5.1 5.5 4.7 42 3.7 4.4 49 491
Tb 082 077 081 067 062 06/ 071 078 079
Dy 43 4 4.6 3.9 35 3.0 3.7 39 3.99
Ho 084 074 085 080 068 059 071 075 073
Er 22 2.1 2.5 22 17 177 2 2 212
Tm 029 026 032 029 026 023 024 025 028
Yb 198  1.89 2.3 2.1 194 185 165 179 2.01
Lu 029 028 032 031 029 027 024 026 029
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Post Purilactis Paleogene sequences.

The Paleocene -Eocene AgOrangeAhFormation

Folded Mesozoic units of Purilactis Group and volcanic of the Cerro Totola Formation, (and
associated intrusives) forming part of the Barros Arana Syncline are cover, in strong, angular
unconformity by a clastic sequence up to 900 m thick, with a characteristic orange color
(“Orange” Formation). The sequence mainly outcrops to the south of Cerro Totola and in the
area around Cerro Negro where it deformed in turn by a complex set of tight (tenths to
hundredths m wavelength) upright folds (Figure 5). This tinning upwards sequence, with an
exposed minimum thickness of around 900 m, was proposed as an independent unit by
Arriagada (1999) and Mpodozis et al. (1999). The lowermost levels the formation are
constituted by a proximal alluvial fan facies association. roughly 400 m thick, formed by of
coarse red conglomerates with clasts up to I m in diameter which intermingle with coarse
reddish, laminated cross bedded, arcosic sandstones. Clasts are mainly derived from the
Cordillera de Domeyko basement (granitoids, rhyolitic porphyries, mafic lavas) but dacitic and
porphyritic andesite clasts similar to the Late Cretaceous and Paleocene volcanics outcropping
west of the Cordillera de Domeyko (Cinchado and Quebrada Mala formation, Montaio 1976;
Marinovic and Garcia,1999) are also found. The conglomeratic lower member grades upwards
into a sequence of 500m of “orange” channelized and sheet-flood medium to fine grained
sandstones showing both planar an cross bedded stratification which alternate with thin
mudstone layers and evaporites (gypsum) which became increasingly important towards the

upper levels of the formation (saline lake and/or playa facies association).

Age and tectonic setting. The Orange Formation is equivalent to a thick (up to 100 m)
sedimentary sequence (Unit H, Jordan et al., in prep) which in the Salar subsurface onlap over
folded Late Cretaceous strata and fills the intervening synclinal depressions. In the Toconao 1
borehole Unit H is formed by volcanoclastic sandstones interbedded with conglomerates and
claystones (Munoz et al., 1997, 2002; Jordan et al., in prep). 70 km south of Cerro Quimal
(Pan de Azicar, region) andesitic lava horizons interbedded in the Formation have been dated at
57,9£1,9 and 58,0+3 Ma (K/Ar, whole rock, Gardeweg et al., 1994), data suggesting a Late
Paleocene age. At Loma Amarilla (Figure 5) it’s unconformably covered by Eocene-Oligocene
strata (Loma Amarilla Formation, Figure 3). The strong angular unconformity at the base of the
Orange Formation and the rapid upwards change from proximal alluvial fan to playa lake facies
is consistent with the unit being a post tectonic sedimentary sequence which accumulated after a
brief pulse of compressional deformation which probably occurred during the lower Paleocene

(see discussion bellow).
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The Eocene-Early Oligocene Loma Amarilla Formation

The volumetrically most important unit along the El Bordo Escarpment and specially south
of Cerro Quimal, is a thick sequence of mostly unconsolidated, coarse, reddish to gray, gravels
and conglomerates which form most of the El Bordo ridgeline from Cuesta de Barros Arana to
Cerro Negros (Figures 4, 5). Earlier workers considered most of this sequence to be of
Miocene age (Ramirez and Gardeweg, 1982, Marinovic and Lahsen, 1984, Hartley et al,
1992a). The Loma Amarilla gravels are filling a very irregular topography carved in the
Cretaceous and Paleocene-Eocene sequences; to the west of the El Bordo ridgeline, they are
sculptured by a gently west dipping pediplain surface where remains of Late Miocene (10-8
Ma) ignimbrites are found (Naranjo et al, 1994, Mpodozis et al 2001). North of Cerro
Quimal, sub horizontal Loma Amarilla strata onlap over Paleozoic and Purilactis outcrops
although the same gravels are seen to be dipping up to 80° east of the El Bordo ridgeline.
Progressive internal unconformities indicate the syntectonic character of the sequence. The
exposed thickness of the Loma Amarilla formation can surpass the 2500 m; its lower levels
include (Loma Amarilla-Cerros Negros area) up to 200 m of white tuffs, coarse conglomerates
with tuffaceous matrix, and reworked coarse pyroclastics flows with abundant, porphyritic
dacitic clasts (Figure 3). The thick upper beds are a monotonous succession of massive,
poorly bedded coarse conglomerates, mainly unconsolidated gravels, and minor sandstone.
Conglomerates contain clasts from 5 to 50 cm in diameter, including sub rounded boulders of
Paleozoic granitoids, rhyolites, dacite and andesite. According to Hartley et al (1992a), who
carefully studied a detailed section south of Cerro Negro, they represent an association of

proximal alluvial fan facies including hyper concentrated debris flow deposits.

Age and tectonic setting The only horizon suitable for dating in the gravel-rich Loma Amarilla
Formation correspond to its tuffaceous basal horizon where Ramirez and Gardeweg (1982)
first obtained a K/Ar plagioclase age of 39,9+3,0 Ma (Late Eocene). This age was later
confirmed and refined by Hammerdschmidt et al. (1992) who obtained two *’Ar/*°Ar plateau
(biotite) ages of 43,8+0,5 (Pu-1) and 42,2+0,9 Ma (Pu-13). At the same time we acquired an
K/Ar age of 59,142 Ma (BF-451) for a volcanic (amphibole bearing andesite) clast in the same
volcanoclastic layer. This age is similar to the ages obtained for the lavas interbedded within
the “Orange Formation” (Gardeweg et al, 1994) and also fall in the 63-55 Ma K/Ar age range
reported for lavas of the volcanic Cinchado Formation exposed west of Cordillera de

Domeyko (Marinovic and Garcia, 1999) a fact that indicates the sedimentary reworking of
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Paleocene volcanic units. Another (porphyritic) clast from volcanoclastic conglomerates, 100
m above the basal contact of the Formation yield a younger (K/Ar, hornblende) age of
33,940,3 Ma although, the very low potassium content (0,36% K,O) of the analyzed material
cast doubt about its meaning. Even so it's worth to mention that this value fall in the range of
the total degassing age *Ar/*’Ar ages of Hammerdschmidt et al. (1992), Pu-1 and Pu-13
biotite samples (32,05+0,6; 36,4+1,0 Ma) which may well indicate a regional event or Ar loss

during the Oligocene.

Studies of seismic lines in the Salar allows Loma Amarilla strata to be compared to
seismic sequence J in the salar subsurface (Jordan et al. in prep) which in the Toconao 1
borehole is formed by 600 m of multicolored sandstone and conglomerates (Mufioz et al.,
1997). Sequence J overlie (Paleocene-Eocene?) sequence H though a prominent erosional
unconformity and it’s covered by seismic sequence K which can be correlated with the
Oligocene-Early Miocene Paciencia Group. This unit which forms large outcrops in the
Cordillera de La Sal (Figure 4) includes thin ash layers which has been dated between ca 28
and 20 Ma (Marinovic and Lahsen, 1984, Mpodozis et al, 2000). These age constraints seem
to indicate that the Loma Amarilla formation was deposited during the Late Eocene-Oligocene
interval being no older than 42 Ma and no younger than 28 Ma. The Loma Amarilla
Formation can be considered as a thick sedimentary blanket syntectonic to the Eocene
"Incaic" deformation that affected large tracts of Northern Chile approximately between 45 to

35 Ma.

Discussion

Origins: What kind of basin?

Initiation of compressional uplift associated to east verging high angle reverse fault an fault-
propagation folding along the eastern edge of the Cordillera de Domeyko in the El Bordo
Escarpment region triggered sedimentation in the Purilactis basin with the accumulation of
the syntectonic sediments of the Tonel Formation. Our new findings seems to disapprove
the extensional hypothesis presented by Macellari et al. (1991); Hartley et al. (1992a) and
Flint et al. (1993) and better support more contraction-dominated models. Charrier and
Muifioz (1994) and Muiioz et al. (1997) considered that the Purilactis basin formed as a

foreland basin related to Cretaceous thrusting to the west while McQuarrie et al. (2003)
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suggested that during the Cretaceous "a fold-thrust belt existed in the western portion of the
Central Andes as early as Cretaceous to early Paleocene time". According to these models
east directed thrusting (along the Cordillera de Domeyko) should have produced a thrust-
loaded fore deep in which sediments of the lower Purilactis Group may have been deposited

(see also Horton et al., 2001).

The Cordillera de Domeyko deformation zone is not, however, and cannot be considered a
thin skinned thrust belt. Detailed regional mapping (Mpodozis et al.,1993a; Marinovic et
al., 1995; Cornejo and Mpodozis 1996; Tomlinson et al., 2001) indicates that this tectonic
element which runs N-S for more than 800 km between 21Aa and 28A3S, (including its
northern prolongation, Sierra de Moreno-Sierra del Medio , Figures 1, 2, 10) is a complexly
deformed basement ridge formed mainly by Late Paleozoic volcanics and intrusives that was
first uplifted during the Late Cretaceous inversion of the Jurassic-Early Cretaceous backarc
basin of Northern Chile (Mpodozis and Ramos, 1990; Amiblia et al., 2000, Tomlinson et al,
2001). Since then it has been a positive element that was reworked by Tertiary episodes of
deformation (Paleocene, Eocene-Oligocene, Miocene) including the transpressional Eocene-
Oligocene AglncaicAh event which formed the Domeyko Fault System (Maksaev, 1990;
Reutter et al., 1991; Tomlinson et al., 1994, 1997; Tomlinson and Blanco,1997; Cornejo et
al., 1997; Maksaev and Zentilli, 1999).

Late Cretaceous compressional deformation has also been documented at Sierra de
Moreno-Sierra del Medio (Figure 10) even if the large scale geometry of the system is
different if compared to the Salar de Atacama segment. In the northern domain a system of
west verging high angle reverse faults along the western edge of the Cordillera de Domeyko
block (Sierra de Moreno Fault system, SMFS, Tomlinson et al, 2001) brings a Paleozoic
basement block on top of deformed Jurassic continental and marine sediments (Ladino et al,
1997, Tomlinson et al, 2001, Figure 10). Solid evidences about the age of the inception of
uplift and shortening, has been presented for the Sierra de Moreno by Ladino et al. (1997,
1999 and Tomlinson et al, 2002) who, studying the relations between syntectonic
intrusives and regional faults along the at Quebrada Barrera demonstrate that west verging

thrusting initiated there between 109-83 Ma.
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Syntectonic continental sediments of eastern provenance (Tambillos Formation) equivalent
to the Lower Purilactis sequence, accumulated, in a “foreland” position unconformable on
top of deformed Jurassic sediments on the SMFS footwall (Bogdanic, 1990, Tomlinson et
al, 2001) while, at same time continental conglomerates and sandstones (Tolar formation)
accumulated in piggyback basins in the hanging wall block of the SMF (Figure 10).
Paleocurrent analysis (Bogdanic, 1991, Tomlinson et al, 2001) indicate an eastern
provenance for the Tambillos clastics and a western provenance for the Tolar. A 109A}4
Ma (K/Ar, biotite) age obtained for an andesitic clast from the basal conglomerates of the
Tolar Formation (Sierra del Medio) and another (biotite) age of 77 A}3 Ma for a tuff 460 m
above the base (Quebrada Quinchamale) back up the Late Cretaceous age of the sequence

(Ladino et al., 1997; Tomlinson et al., 2001).

Thrust load and associated lithospheric flexure cannot be then invoked as the main reason
for the creation of accommodation space. The Atacama basin has been a subsiding region
not only during the Cretaceous, but also during most of the Cenozoic (see Flint et al., 1993).
Even today the basin is topographically more than 1 km below the theoretical altitude to be
expected if the local crustal column were in isostatic equilibrium (Yuan et al., 2002). Gotze
and Krause (2002) speculate that the unusual CAGH gravimetric anomaly outlines an early
Paleozoic (?), mafic to ultramafic rock body to be found at mid crustal (10-38 km) levels
below to the Atacama basin and which may well be one of the key factors explaining the

protracted history of basin subsidence.

Interactions with the Late Cretaceous intra-arc basins of northern Chile

The Late Cretaceous sequences deposited in the Preandean basins are not, the only units of
that age known in northern Chile. West of the Cordillera de Domeyko, volcanic and
sedimentary units such as the Cerro Empexa Formation west of the Sierra de Moreno block
(Tomlinson et al, 2001), the Quebrada Mala Formation, west of the Atacama basin
(Montafio, 1976; Marinovic et al., 1996; Marinovic and Garcia 1999; Cortés, 2000) or the
LLanta Formation, further south, west of the Pedernales basin (Cornejo et al., 1993, 1996)
accumulated in a north south string of, discontinuous, fault bounded basins (Figure 10). The
Quebrada Mala Formation which unconformably overlies Late Jurassic-Early Cretaceous
sediments and early Late Cretaceous (98-94 Ma) volcanics is a very thick (3700 m) unit of

conglomerates and sandstones, interbedded with calc-alkaline andesitic lavas and welded
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tuffs dated (K/Ar) between 86 to 66 Ma (Williams, 1992; Marinovic and Garcia, 1999;
Cortés, 2000). It was deposited in a small rhomb shaped basin bounded to the east by a
NNE trending, west dipping, high angle fault (Sierra El Buitre Fault) formed in the Late
Cretaceous as a normal fault along the southeastern basin edge ( Marinovic and Garcia,

1999; Figures 2, 10).

It's certainly difficult to match hinterland "extension" with coeval shortening in the
Cordillera de Domeyko. Nevertheless, the discontinuous nature of the intraarc basins, thick
volcanic and sedimentary fill, and the orientation of related faults is consistent with the
basins being formed in a (right lateral?) strike slip setting as Arévalo et al. (1994) and
Arévalo (1999) suggested for the Late Cretaceous Hornitos basin in the Copiapé (26-27A%)
region. Coexistence of zones of margin-parallel strike slip faulting and margin perpendicular
shortening is not, however, rare, in active continental margins where plate convergence is
oblique as it has been discussed in recent tectonic models for the Late Cenozoic southern
Andes (i. e. Cembrano et al., 2002; Folgera et al., 2003). Theoretical model such as of Saint
BlanquantAK et al. (1998) show that oblique plate convergence along active margins may
produce, a strain-partitioned transpressional structural array characterized by arc-parallel
strike slip faults, which may be associated to local pull-apart basins, along the thermally
weakened arc. Strike slip motion may coexist with arc-orthogonal shortening and thrusting
in the back-arc region (Agnagma facilitated strike-slip partitioningAh. This proposal, which
has been verified for the active Sumatra arc (see Mount and Suppe, 1992; Tikoff and
Teyssier 1994) may well be a good example for the tectonic conditions prevailing in

Northern Chile during the Late Cretaceous as it is shown in Figure 10

Connections with the Salta Rift Basins and the Huaytiquina High

The Atacama (Purilactis Basin) is located at the western slope of the vast Altiplano-Puna
plateau where a thick sequence of sediments was deposited during the Cretaceous and
Tertiary, both in Bolivia (Sempere et al., 1997; Horton et al., 2001) and Northwestern
Argentina (Allmendinger et al., 1997; Salfity and Marquillas, 1999, Coutand, et al., 2001).
Studies on the timing, distribution and provenance of sediments has led to some authors to
suggest a western source for the Cretaceous sediments outcropping in southwestern Bolivia
(Sempere et al., 1997; Horton et al., 2001; McQuarrie et al., 2003). The Cordillera de

Domeyko needs to be part of this western source terrain while the Atacama basin and the
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string of "preandean" basins which extends further south in Chile, up to the Pedernales-
Maricunga basin (26-27AaS, Mpodozis and Clavero, 2002, Figure 1) correspond to the
more proximal depocenters of the eastern basin system. However, as the connection
between the northern Chile depocenters and the rest of the Altiplano-Puna basins was cut
short by the onset of volcanism along the Western Cordillera at 26 Ma (Coira et al., 1982;
Jordan and Gardeweg, 1988; Kay et al., 1999) correlations between the now two separated

domains has been difficult to establish.

Directly east of the El Bordo Escarpment, chronologically equivalents units of the Lower
Purilactis Group has not been found in the deep (more than 5000 m) Toconao 1 well drilled
at the center of the Atacama basin. Only a volcanic sequence, likely comparable with the
Totola Formation, carrying thin layers of shallow water marine limestones bearing Late
Cretaceous (AgSenonianAh) foraminifera was found near the well termination at depth
(Murioz et al., 1997; Mufioz and Townsend, 1997). The well was drilled over the northern
extension of the Cordon de Lila, a basement ridge formed by Ordovician granitoids, Late
Devonian-Early Carboniferous sediments and Permian igneous complexes which protrudes
as a peninsula at the southern end of the Salar de Atacama (Ramirez and Gardeweg, 1982,
Figure 2). South of the Salar, at Cerros Colorados and Quebrada Guanaqueros, the Paleozoic
units are unconformably covered by 500 m of fine-grained red sandstones and shales
interbedded with thin limestones layers carrying Campanian to Maastrichtian dinosaur
(Titanosauridade) bones (Pajonales Formation, Salinas et al., 1991). Such observations show
that Lower Purilactis Group accumulated in a narrow NS trending depocenter between the
Cordillera de Domeyko and a basement massif (Huaytiquina High) which separated the
basin from the Cretaceous depocenters of the Salta rift System to the east (Salfity et al,

1985, see Figurel0).

The oldest Mesozoic sequences known over the Huaytiquina High, in Chile, correspond to
a section, marine sandstones oolitic limestones and tuffs (Quebrada Blanca de Poquis
Formation, Gardeweg and Ramirez, 1985) carrying Late Cretaceous foraminifera
(Hedbergella) which rest unconformably on top of Ordovician strata in the Poquis-Zapaleri
region, near the triple boundary between Chile, Argentina and Bolivia (Figurel0). Further
south in the vicinity of the Chile-Argentine frontier at Huaytiquina (Figure. 10) 100 m of

Late Cretaceous carbonate cemented sandstones, conglomerates and impure limestones
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attributed to the Yacoraite Formation (Marquillas and Salfity, 1988; Salfity and Marquillas,
1994, 1999) also rest on top of Ordovician sediments (Donato and Vergani, 1987;
Marquillas et al, 1997). Yacoraite limestones seems to be an important component of the
basement of the Late Cenozoic CVZ volcanic arc as carbonate skarn xenoliths, with
geochemical signatures akin to the Yacoraite limestones, have been found in recent lavas
erupted from the Lascar volcano (Matthews et al., 1996, 1997). The westernmost extension
of this marine incursion is to be found in the marine sediments of the Lomas Negras
Formation (Salfity et al., 1985) and the limestones interbedded with the alkaline volcanics of
the Totola Formation which seems to have covered a large stretch of the Purilactis basin

(Figure 10).

The latest Cretaceous marine incursion over the Huaytiquina High, linked, for the fist time,
the Purilactis basin to the Salta rift system of northwestern Argentina (Marquillas and
Salfity, 1988; Cominguez and Ramos, 1995; Salfity and Marquillas, 1999). Volcanism
seems to have terminated in the Chilean intra arc basins near the end of the Cretaceous
while the alkaline nature of the Totola lavas points to more extensional conditions in the
Purilactis basin favoring the incursion of the Yacoraite-El Molino sea over the former
basement highs (see Figure 10). Yet, models presented for the Salta rift speculate that
Yacoraite limestones accumulated during the thermal subsidence stage of the Rift System
(Cominguez and Ramos 1995), a disputable hypothesis as the onset of rifting occurred
more than 60 Ma before the deposition of the Maastrichtian limestones. The oldest fill unit
of the Salta basins is the Pirgua Subgroup (Figure 11 ) which Salfity et al. (1985), considered
as a counterpart of the Tonel and Purilactis formations. This is not totally true, however, as
the oldest Pirgua unit, the coarse, proximal alluvial-fan, synrift, conglomerates of the La
Yesera Formation, are undoubtedly older than the Tonel formation as K/Ar ages of
interbedded alkaline lavas range between 128 and 96 Ma (Viramonte and Escayola, 1999;
Viramonte et al., 1999). The Salta rift system seems to have formed during an event of Mid
Cretaceous extension associated to continental-scale processes leading to the opening of the
South Atlantic (Uliana and Biddle, 1988; Salfity and Marquillas, 1994; Viramonte et al.,
1999). This extensional episode coincides with a generalized period of intra-arc extension, in
Chile (Aberg et al., 1984; Mpodozis and Allmendinger, 1993) that affected large areas of the
Andean margin (Ramos and Aleman, 2000) well before initiation of sedimentation in the

Purilactis basin.
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The Upper Pirgua sequences (Los Blanquitos and Las Curtiembres formations and the 78-
76 Ma Las Conchas basalt, Salfity and Marquilllas, 1999; Viramonte et al.,1999) are time-
equivalents to the Lower Purilactis succession (Figure 11). The abrupt facies change from
the coarse alluvial fan conglomerates of the La Yesera synrift to the fine-grained lower
energy facies of the Las Curtiembres and Los Blanquitos sediments which accumulated
Agon a subtler relief due to the filling of the basin and to less active tectonicsAh (Cominguez
and Ramos 1995) guide Salfity and Marquillas (1999) to propose that ca. 89 Ma the Salta
basins were affected by a tectonic episode (cessation or slow-down of active rifting ?)
which may well be a far-field effect of the initiation of compression in the Cordillera de

Domeyko.

Links to other Chilean Preandean Basins and the Bolivian Altiplano

Continental Cretaceous basins that can be compared with the Atacama (Purilactis) basin
also occur south of the Salar de Atacama between and 27A% (Punta Negra and Pedernales-
Maricunga basins, Figure 1). These are located, as the Atacama between the Cordillera de
Domeyko and the CVZ arc to the east. In the Punta Negra basin the thick Tertiary volcanic
and sedimentary cover preclude the observation of the older parts of the sedimentary fill.
Nevertheless, in the Maricunga-Pedernales basin (Figure 1) a thick sequence of continental
clastics (Leoncito Formation) accumulated on strong angular unconformity over Early
Cretaceous sandstones (Quebrada Monardes Formation) is exposed at the surface (Cornejo
et al., 1993, 1998; Mpodozis and Clavero 2002) and its lower levels are formed by more
than 2000 m of fine grained laminates sandstones (Tonel equivalent?, Figure 11) which grade
upwards to 800 m sandstones an coarse conglomerates (proximal alluvial fan facies) with
reworked Jurassic fossils, limestone clasts and Paleozoic granitoid boulders more that 1 m in
diameter. The exposed top of the Formation is formed by 150-200 m of vesicular mafic
lavas. Mafic dykes, though to be feeders of the volcanics has been dated (K/Ar) at 64 Ma
(Cornejo et al., 1993, 1998). The Leoncito sedimentary episode reflects the onset of uplift
and unroofing of the Cordillera de Domeyko during the Late Cretaceous (Mpodozis and
Clavero, 2002) and its basal unconformity on top of Early Cretaceous sediments permit to

better constrain the age of beginning of sedimentation in the preandean basins of northern

Chile.
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Northwest of the Salar de Atacama, the NNE active deformed zone of the El Bordo
Escarpment and Cordillera de La Sal (Figure 1) pass below the NNW trending active
Andean arc to emerge in Bolivia in the Uyuni-Khenayani Fault Zone (Baby et al.,1990;
Welsink et al., 1995; Elger and Onken, 2002). There, and also further to the northeast
(Sevaruyo region), Cretaceous to Paleogene sediments of the Puca Group (Lohman and
Branisa, 1962; Cherroni, 1974; Sempere, 1995; Sempere et al., 1990, 1997; Welsink et al.,
1995) unconformably overlie Paleozoic sediments. The Kimmeridgian-Albian Lower Puca is
a sequence of continental conglomerates and red sandstones, including eolian facies,
accumulated, as the Lower Pirgua subgroup, in an extensional (rift) setting (Welsink et al.,
1995; Moretti et al., 1995; Sempere et al., 1997) to culminate with a Cenomanian-Turonian
marine episode (Miraflores Formation, Figurel1). The Upper Puca Cycle started at 89 Ma
with the deposition of the red-mudstones, fine grained laminated sandstones, evaporites
(gypsum beds) and pink-brown gypsiferous mudstones (Aroifilla Formation, latest
Turonian-Coniacian) deposited, as the Tonel Formation, in a distal alluvial o salt lacustrine
(playa lake) environment (Sempere et al., 1997). The overlying Santonian-Campanian, (86-
73 Ma) Chaunaca Formation inaugurated by a short-lived restricted marine episode, is also
an association of playa lake facies dominated by red-brown mudstones which in the Central
Altiplano domain possibly intermingle to the west with more proximal sandstones and
mudstones of western provenance (Coroma Formation) which may be compared with the

Purilactis Formation.

The Upper Puca cycle terminates with the 100 to 500 m thick Maastrichtian-Danian (73-60
Ma) El Molino Formation whose shallow to restricted marine facies (carbonates, black
shales and mudstones) alternate with tuffaceous horizons dated (*’Ar/*’Ar ) at 71,6 and
72,5 Ma (Sempere et al., 1997). As in Northern Chile, the ingression advanced over the high
ground the east of the basin axis. In the Vilque-X1 well (Figure 10) to the east of the Uyuni-
Khenayani fault zone El Molino limestones are found directly on top of Silurian? sediments

(Welsink et al., 1995).

Sempere et al. (1997), suggest that at 89 Ma (Late Turonian - Early Coniacian), the Early
Cretaceous extensional conditions prevailing in the southern Altiplano, began to change
towards a more compressional setting and consider that the accumulation of the younger

Upper Aroifilla and Chaunaca formations occurred in a distal foreland basin related to
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compression occurring to the west, in Chile. Horton and DeCelles, (1997) and McQuarrie et
al. (2003) propose, as well, that Late Cretaceous sedimentation in the Altiplano took place
in an early foreland basin related to initial Andean shortening. A more complex model has
been presented by McQuarrie et al. (2003) envisaging that the upper Puca sedimentation
occurred to the east of an elevated forebulge which separated the Bolivian basin from a
western “foredeep” close to the zone of active deformation where Purilacts Group
equivalents may have (hypothetically) been deposited (see also Horton et al., 2001). We,
however, don't see conclusive evidences for the existence of a forebulge as the Tonel
Formation outcrops directly along strike with the Upper Puca sequences (Aroifilla-
Chaunaca) of the Uyuni-Khenayani Fault zone (Figure 10). An alternative proposition may
be that, the Bolivian basins were, during the Coniacian-Campanian times connected along
strike with the Purilactis depocenter and further south, possibly with the Pedernales basin.
This western realm bounded to the west by the Cordillera de Domeyko block, was
separated by the Huaytiquina High from the Salta Rift system. Only during Maastrichtian
when the Balbuena-El Molino sea advanced over the basements highs and the two domains

became finally connected (Figure 10).

Post Purilactis Paleogene tectonics

The major tectonic unconformity at the base of the "Orange" Formation marks the end of
accumulation of the Purilactis Group and the beginning of the Cenozoic history on the
Atacama basin. The A@rangeAhFormation is the main Cenozoic sedimentary body that
recognized at the subsurface of basin (Mufioz et al., 2002; Jordan et al., in prep), where it
cover in strong angular unconformity and onlaps over a system of folds affecting rocks
equivalents to the Totola Formation. We interpret this fining upward sequence, whose
facies change from coarse conglomerates to sandstones and evaporites, as a sedimentary
wedge post-dating a strong pulse of deformation which affected large expanses of northern
Chile in the earliest Paleocene an produced renewed uplift in the Cordillera de Domeyko.
An apatite fission track age of 64,5+0,9 Ma for the Cerro Quimal intrusive reported by
Andriessen and Reutter (1994) seems to trace fast uplift and exhumation shortly after
pluton emplacement. Further west, in the Central Depression, the Quebrada Mala basin
(Figure 2) was inverted during the earliest Paleocene, before the accumulation of Paleocene
volcanics (Cinchado Formation) which rest unconformably on top of deformed Jurassic-

Lower Cretaceous to the east of the inverted late Cretaceous basin (Marinovic et al., 1996;

102



Marinovic and Garcia, 1999). Further south, in the El Salvador-Copiapé region, a strong
unconformity between Paleocene volcanics and Late Cretaceous ("Hornitos" and LLanta
formations) has been described by Cornejo et al. (1993, 1999), Arévalo et al.,(1994) and
Iriarte et al.,(1996). Also Geochemical data indicate that the continental Andean crust in
northern Chile grew thicker after this deformation episode as Paleocene-Eocene magmas
evolved at higher pressures in a crust already able to stabilize hornblende (Cornejo et

al,1999; Cornejo and Matthews, 2001).

The earliest Paleocene deformation seems, to be have affected the mainly the western
Andean domain as in the Zapaleri region the continental sandstones of the Chofjias
formation (Gardeweg and Ramirez, 1985) possible distal equivalents of the "Orange"
Formation rest in concordance over the Late Cretaceous marine strata. Reduced sediment
thickness and the presence of numerous paleosol horizons characterize the Paleocene in the
southern Bolivian Altiplano, (Santa Lucia, lowermost Potoco and Impora formations,
Sempere et al., 1997) indicating a period of very low sedimentation rates. This is also
recorded in the thin Paleocene lacustrine sequences of the Paleocene Santa Barbara Subgroup
(Mealla and Maiz Gordo formations) which concordantly overlie the Yacoraite limestones

in the western Puna and the Salta basins (Salfity and Marquillas 1999).

During the Eocene-Early Oligocene synorogenic Loma Amarilla conglomerates where shed
to the east from the Cordillera de Domeyko, into the Salar basin. The Loma Amarilla
represents a pulse of synorogenic sediments associated to the Eocene "Incaic" deformation
(Coira et al., 1982) when the whole Cordillera de Domeyko was affected by left-lateral
transpression which led to localized thrusting, strike-slip faulting, clockwise block
rotations, mayor uplift and porphyry copper emplacement (Maksaev, 1990; Reutter et al.,
1991; Cornejo et al., 1997; Mpodozis at al., 1993; Arriagada et al., 2000). Very fast uplift
and important erosion was suggested by Alpers and Brimhall (1988) when studied the
relation between porphyry copper emplacement and supergene enrichment at La Escondida.
Maksaev and Zentilli (1999), modeling fission track (apatite) data indicate that at least 4 to
5 km of rocks were exhumed form the Cordillera de Domeyko at rates as high as 100 to 200

m/my during the "Incaic" deformation episode between 50 to 30 Ma.
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The onset of the Incaic deformation concur with the beginning of a period of very high
oblique convergence rates between the Farallon and South American plates at a 45 Ma
(Pilger, 1984; Pardo-Casas and Molnar, 1987) and the eastward migration of the magmatic
front from the Central Depression to the Cordillera de Domeyko axis. However, and
contrary to the Paleocene, when extensive volcanism took place under extensional
conditions in the Central Depression (Cornejo and Matthews, 2000, 2001), Eocene
volcanism is almost absent and magmatism is represented only by discontinuous clusters
of, small volume, shallow levels stocks, associated including porphyry coppers of emplaced
between 42 to37 Ma along the fault traces of the Domeyko Fault System (Maksaev, 1990;
Sillitoe, 1992; Cornejo et al., 1997,1999). Extreme compressional (transpressional)
conditions prevailing during this period seem to have prevented easy magma ascent,
favoring the pounding of magmas at the base of the crust, leading, in turn to ductile failure of
the lower crust and localized tectonic thickening below the Cordillera de Domeyko

(Mpodozis et al., 1993, Yaiiez et al., 1994; Tomlinson et al., 1997; Arriagada et al, 2000).

Steep REE patterns of Eocene-Early Oligocene intrusives (Maksaev, 1990; Cornejo et al,
1999 ; Richards et al., 2001) indicate the progressive stabilization of garnet in the source
region of the Eocene magmas which is consistent with the formation of a significant crustal
root bellow the Cordillera de Domeyko at that time (Cornejo et al., 1999). Rapid isostatic
rebound triggered by the creation of the crustal root may explain the fast uplift recorded in
the Cordillera de Domeyko during Eocene-Early Oligocene times. The regional distribution
of the Loma Amarilla Formation indicate that sedimentation was controlled by a the
formation of a short wavelength, high amplitude regional uplift centered along the
topographic axis of the Cordillera de Domeyko (Maksaev and Zentilli, 1999) from which
sediments where shed to the west and east to almost completely conceal the previous
structural landscape along the El Bordo Escarpment (Mpodozis et al., 2000; Arriagada et
al., 2002, Figures 4, 5)

Thick (up to 6000 m) Late Eocene to Oligocene continental sequences also have cover large
tracts of the southern Altiplano in Bolivia (i.e. Potoco, Tihuanacu formations, Sempere et
al., 1997; Lamb and Hoke, 1997; Horton et al., 2001; Rochat, 2002) and the Puna, in
Argentina (Geste and Quinoas formations, Jordan and Alonso, 1987; Allmendinger et al.,

1997; Kraemer et al., 1999; Coutand et al, al, 2001; Voss, 2003). Provenance studies and the

104



discontinuities existing between depocenters indicate that sedimentation was associated not
only to uplift in the western Andes but also to the uplift of the Eastern Cordillera block in
Bolivia (Lamb and Hoke, 1997) and discrete mountain blocks in the Argentine Puna (Boll
and Hernandez, 1986; Kraemer et al., 1999; Coutand et al., 2001). The distributed nature of
the deformation which affected a very wide swath of the central Andes, including the
westernmost Sierras Pampeanas at 27°S (Coughlin et al, 1998) may be an indication that the
Eocene (Incaic) orogeny was associated to a shallowing of the subducting slab as it has been

suggested for southern Peru (Sandeman et al. 1995; James and Sacks (1999).

105



*JXQ} Ul UOISSNOSI(] "B[0}0], 0JId)) 0], "SIZON SBwoT U [[om anbJiA :IA “eurnbnreny my ‘smbod :0 uiseq ewee) :g) }neq aning g
BIIOIS 1S "WAISAS }Ne,{ OUSIOA 9P BIIAIS :SJAS "SUONBULIO) BOBUNBYD) — B[[IJOIY :D-1Y "dnoin) snoe[ung Jomo :ndT "W ejue[] :[] "W B[R] epeigond) :w() "W, Jejoy, 0], ‘uij
so[[ique], :e], ‘w exodwy 0119)) :3) "UONIAIIP 0UBUIAOCId JUOWIPAS (§) ‘UOIZAI BPIOW]Y P BLIAIS ) JO saouanbas [ejuaunuo)) (L) as 9)1eI0dex — OUIOA [ Y} Jo susodop aurrew
MO[eyS (9) ‘uonewIo, e[0JO] Y} JO SeAe[ ojew uley[Y (S) ‘Uiseq Yy BI[RS oY} JO SJUSWIPAS [BIUSUIIUOY) () ‘SIUSWIPIS UISBq OIBBIIUI PUB SOIUBI[OA JIV (€) ‘sjisodop o1u0109juAS
SN029.1AI) 98T (7) Quawaseq oAwo ap BIAIPIO)) (1) *(Se9Z-17) SOPUY [eNUI)) WIAISIA\ U} JO SIUIWI[S dA1eIud) pue Aydei3osa3osred Arenio], Ajey — snoadejar)) ajeq ()] 2In3ig

8 L 9 S 14 € [4 !

—o9C —o9C

Teyer [eeL

ystH
eumbnAeny \

-5 ST

-2 “o¥C

eISesejoIUy rIseSejojuy

—£2 €T

cEmm
~> 1, oy
g 40 ~

-1z “olC

-0z —o0C

| | | | | | | | |
099 oL9 89 69 0L 099 oL9 89 069 o0L

(BNl SL-09) Qua009[e{ - ueruedwe)) :g (BIN 001-08) Snoaoe1xl) ae] AlJeq v



ATACAMA PEDERNALES SALTA RIFTS SOUTHERN
BOLIVIAN
- ALTIPLANO
20 1+— SAN
VICENTE
% OLIGOCENE PACIENCIA i
: Group _BLANCOS,
E LOMA VERTIENTE 2
4/ .
= AMARILLA _HUEOBRE POTOCO
EOCENE -
204 ORANGE ‘? LUMBRERA |5
MAIZ GORDO | & -
- . MEALLA __|“ S.LUCIA
v Ay
PALEOCENE 1o, - T YACORAITE [ E T T 1O
A TOTQLA4 b alavas 4 h E EL MOLINOT] <
4 | MAASTRICHTIAN BARROS E 8 LECHO g N N N 8
05,00 . Q conglomerates 5 LOS BLANQUITOS [~ A~
>
| | campanian | puriLACTIS | Z = O CHAUNACA | 24
~ = o | = &
s/:rl:INTIOIF\IIIANN 5 | |LAS CURTIEMBRES|# S %
- TURONIAN TONEL A~ sandstones 5 < AROIFILLA
| CENOMANIAN S |aA
2 AY Y > =
10012
O ALBIAN ? DEPBIER.
< 9 PUCA G
12 LA YESERA
© APTIAN i
' BARREMIAN QUEBRADA
MONARDES E>
HAUTERIVIAN
VALANGINIAN
- BERRIASIAN -
1 2

Figure 11: Correlation table of Cretaceous-Paleogene units from Southwestern Central Andes. Thick black lines
represent regionally important unconformity. (1) Limestone. (2) Volcanics.




Conclusions

The Atacama basin is a deep depocenter with exhibits an unusually well preserved
Mesozoic to Cenozoic sedimentary record of the earlier tectonics events leading to the
formations of the Central Andes. New field and geochronological support the presentation
of an updated stratigraphic system for the earlier (Early Late Cretaceous. Paleocene-
Eocene) basin fill (Purilactis Group) we use to formulate an improved model about the
basin tectonic history. Unlike previous previous hypothesis we consider that the basin was
formed not as an extensional basin, nor a classic foreland basin produced by lithospheric
flexure. It was created in the Early Late Cretaceous as a consequence of tectonic collapse
and inversion of the Mesozoic back-arc basin of northern Chile. Inversion led to the
formation of the proto Cordillera de Domeyko as a narrow, thick skinned, basement range
bounded by high angle reverse faults and blind thrusts, which shift vergence along strike.
Syntectonic sediments where deposited in basins both to the west (Tambillos Formation)
and east of the Cordillera de Domeyko (Purilactis Group in the Atacama Basin). The
extremely thick Cretaceous to Paleogene fill of the Atacama (Purilactis) basin seems to be
related to an inherited (Paleozoic) anomalously dense crustal body which originated the
CAGH anomaly which may have controlled rapid subsidence and creation of
accommodation space. Repeated episodes of uplift related to shortening in the Cordillera
de Domeyko led to the accumulation of syntectonic sediments of the Tonel, Purilactis and
Barros Arana formations during the Late Cretaceous. During the same time interval,
volcanism and sedimentation occurred in strike-slip of pull-apart basins along the active

Andean arc in the central part of the Antofagasta region .

The prevalent tectonic regime during the Late Cretaceous in Northern Chile seem to have
been controlled by oblique plate convergence with led to the partitioning of regional strain
into a margin parallel component, along the arc, and a margin -perpendicular component in
the back arc. Back arc compression favored the inversion of the former Jurassic-Early
Cretaceous back arc basin and the accumulation of syntectonic sediments in the Atacama

basin.
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The basin is the westernmost depocenter of the Cretaceous. Paleogene Altiplano Puna
domain and events recorded in its sedimentary fill are consistent with the reported history
of more distal areas of northwestern Argentina and southeastern Bolivia. Nevertheless the
comparison with the Salta Rift System (SR) of northwestern Argentina show that the SR
was formed during a period of generalized by Early Cretaceous extension, also recorded in
Bolivia (Lower Puca) and along the Chilean active margin. Far-field effects of the Early Late
Cretaceous inversion of the northern Chile back-arc basin and initial uplift of the Cordillera
de Domeyko have been recognized both in the southern Bolivian Altiplano and the SR

system.
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Figure captions

Fig. 1. Topography of the Central Andes between 10-30°S showing main morphological
units and the location of the Preandean basins (Atacama, Punta Negra,
Pedernales and Maricunga) in the forearc of northern Chile.

Fig. 2. Simplified geological map of the Antofagasta region and location of figures 4&S5.
CS, Cordillera de la Sal, LP, Llano de la Paciencia, SBF, Sierra El Buitre Fault.
(after Mapa Geoldgico (1:1000.000), SERNAGEOMIN Chile (2002);
Marinovic and Garcia, (1999); Cortés, (2000); Basso, (in prep.)).

Fig. 3. Synthetic stratigraphic section of the Purilactis Group and Paleogene strata
outcropping along the El Bordo Escarpment.

Fig.4. Geological map of the Barros Arana area.

Fig.5. Geological map between Cerro Quimal and Cerro Negro area.

Fig.6. Syntectonic growth strata in the middle member of the Tonel Formation, east of the
Cerro Quimal.

Fig.7 Discriminates diagrams of basalts [Winchester and Floyd, 1976] from lavas and
related dykes of the Totola Formation.

Fig. 8. MORB normalized spider diagram from Trace Elements/MORB from lavas and
related dykes of the Totola Formation.
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Fig. 9. Chondrite normalized REE patterns from lavas and related dykes of the Totola

Formation.

Fig.10. Late Cretaceous — Early Tertiary paleogeography and tentative elements of the
Western Central Andes (21-26°S). (1) Cordillera de Domeyko basement, (2)
Late Cretaceous syntectonic deposits, (3) Arc volcanics and intraarc basin
sediments, (4) Continental sediments of the Salta Rift Basin, (5) Alkaline mafic
lavas of the Totola Formation, (6) Shallow marine deposits of the El Molino —
Yacoraite sea, (7) Continental sequences of the Sierra de Almeida region, (8)
Sediment provenance direction. Ce: Cerro Empexa Fm. Ta: Tambillos Fm. To:
Tolar Fm. Qm: Quebrada Mala Fm. LI: Llanta Fm. LPu: Lower Purilactis
Group. Ar-Ch: Airofilla — Chaunaca formations. SMFS: Sierra de Moreno
Fault System. SBF: Sierra El Buitre Fault. CB: Calama basin. Po: Poquis. Hu:
Huaitiquina. Vi: Vilque well. Ln: Lomas Negras. To: Cerro Totola. Discussion
in text.

Fig.11. Correlation table of Cretaceous-Paleogene units from Southwestern Central Andes.
Thick black lines represent regionally important unconformity. (1) Limestone.
(2) Volcanics.

Table 1. Geochronological data.

Table 2. Geochemical analysis.

122



Projet de Publication : Tectonique compressive du Crétacé au Paléogéne dans le

bassin de Salar d’Atacama.

Résumé: Le bassin du Salar d’ Atacama dans la dépression Préandine du nord du Chili est
une caractéristique de premier ordre des Andes Centrales. Des données structurales de terrain
et I’interprétation des lignes sismiques suggerent que le développement du bassin a été
contrdlé par une déformation de la couverture et du socle dans un environnement tectonique
d’avant-pays. Des strates de croissance dans plusieurs niveaux du bassin fournissent la
preuve d’une sédimentation contemporaine de la déformation de la Cordillere de Domeyko
pendant le Crétacé Moyen, Paléogene et Néogene. Bien que, davantage de travail soit
nécessaire pour obtenir une bonne évaluation du raccourcissement qui s’est produit dans le
bassin, nos résultats suggerent qu’un important épaississement et raccourcissement pre-
Néogene peut avoir affecté la dépression Préandine et probablement de grands secteurs des
proto-Andes Centrales. Ainsi, les modeles qui expliquent 1’€paisseur actuelle des Andes

Centrales devraient considérer dans leurs estimations le raccourcissement du Crétacé
Supérieur-Paléogene. Une subsidence flexurale induite par la charge tectonique de la
Cordillére de Domeyko et un corps rémanent, dense et froid sous le bassin expliquent la

longue durée de fonctionnement de ce basin et son importante anomalie topographique.
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Cretaceous to Paleogene compressional tectonics of the Salar de Atacama basin

Abstract

The Salar de Atacama basin in the pre-Andean depression of northern Chile is a first-order
feature of the Central Andes. The sedimentary fill of this basin constraints the timing and
extent of crustal deformation for the forearc. Structural field data and deep seismic-
reflection profiles suggest that the development of the basin was controlled by both thin
and thick-skinned fold-thrust deformation in a foreland tectonic setting. Growth strata in
several levels of the basin fill provide evidence for sedimentation contemporaneous with
motion of fold-thrust structures during mid Cretaceous, Paleogene and Neogene time.
Although, further work is needed to have a well estimation of the shortening occurred in the
Salar de Atacama basin, our results suggest that important pre-Neogene thickness and
shortening may have affected the pre-Andean depression and probably large areas of the
proto-Central Andes. Thus, models that explain the actual thickness of the Central Andes
should consider in their estimations Late Cretaceous and Paleogene shortening. Flexural
subsidence induced by the tectonic loading of Cordillera de Domeyko basement range, and a
remnant ancient cold and dense body under the basin are probably the main causes to

explain the long lived and the actual low topography of this particular basin.
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Introduction

The Andean Cordillera extends for ~8000 km along the western margin of South America
continent, making it the longest sub-aerial mountain chain on Earth. Since the early days of
the plate tectonics, the Andes has been cited as the type example of an ocean-continent
collision zone, or active continental margin [Dewey and Bird, 1970]. The Altiplano-Puna
physiographic province, a high continental plateau second only to the Tibetan plateau in its
area and average elevation [Allmendinger et al., 1997], and the ~55° bend known as the
Bolivian Orocline or Arica elbow are the most striking features in the entire Andean
mountain belt (Figure 1). The exceptionally thick crust, up to 70 km in central Andes has
commended attention since its existence was clarified by James [1971]. The formation of
this thick crustal root is thought to be primarily the result of tectonic shortening and
thickening associated with the Andean fold-thrust belt [Isacks, 1988; Sheffels, 1990;
Schmitz, 1994; Lamb and Hoke, 1997]. Most studies consider total central Andean
shortening to be approximated by Neogene shortening in the Eastern Cordillera and
Subandean-Santa Barbara Zone [Isacks, 1988; Sempere et al., 1990; Schmitz, 1994;
Gubbels et al., 1993; Allmendinger et al., 1997; Baby et al., 1997; Lamb and Hoke, 1997;
Kley et al., 1999], but shortening may have started as early as Late Cretaceous-Early
Paleocene time [Coney and Evenchick, 1994; Sempere, 1995; Sempere et al., 1997; Horton
and DeCelles, 1997; Horton et al., 2001; Coutand et al., 2001; McQuarrie and DeCelles,
2001; Miiller et al., 2002].

Although, apparently no important deformation has occurred in the forearc region since 10
Ma, is still poorly understood what is the tectonic influence of the forearc in the
construction of the orogen. Pre-Neogene deformation may have played an important role in
the tectonic history of the central Andes and if pre-Neogene mountain building occurred in
regions west of the eastern fold-thrust belt, most models underestimate not only the
duration but also the total amount of crustal shortening across the orogenic belt. Structural,
stratigraphic and paleomagnetic data suggest a deformation episode across all the forearc in
northern Chile, probably, during the Late Cretaceous to Paleogene time [Chong and
Reutter, 1985; Hammerschmidt et al., 1992; Hartley et al., 1992; Scheuber and Reutter,
1992; Charrier and Reutter, 1994; Somoza et al., 1999; Arriagada et al., 2000; Randall et al.,
2001; Somoza and Tomlinson, 2002; Arriagada et al., 2003].
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Figure 1: From west to east, the continental margin at about 15-27°S consists of: The Peru-Chile trench and
continental slope; the Coastal Cordillera, a remnant of a Mesozoic magmatic arc; the Longitudinal Valley
(also called Central Depression or Pampa del Tamarugal), a modern forearc basin; the Precordillera
(including Cordillera Domeyko) and Preandean Depression (including Salar de Atacama basin), that largely
define the western Andean slope; the Western Cordillera, an active volcanic arc along the eastern border of
Chile; the Altiplano-Puna plateau, a high-elevation hinterland plateau; the Eastern Cordillera, a rugged
interior of the eastern fold-thrust belt; the Subandean Zone and Santa Barbara Zone, frontal active parts of the
eastern fold-thrust belt; and the Beni Plain and Chaco Plain, parts of a low-elevation foreland basin underlain
by the Brazilian shield. A, Salar de Atacama. T, Titicaca Lake. U, Salar de Uyuni. Nazca-South America
convergence is represented by NUVEL-1A vector (DeMets et al., 1994) and GPS vector (Norabuena et al.,
1998).






However, the extent of any pre-Neogene mountain belt and associated foreland basin

system, as well as the total amount of pre-Neogene shortening, remains poorly understood.

Of particular interest is the Salar de Atacama basin, one of the major active sedimentary
basins in the central Andes, which is surrounded by excellent exposures of Paleozoic to
Tertiary strata and igneous rocks (Figure 1&2). Contrasting with the height average
elevation of the Puna (~4400 m) and the Western Cordillera (up to 6500 m), the Salar de
Atacama basin, with an average elevation of 2300 m, is a major negative topographic
anomaly in the generally “smooth” western slope of central Andes [Isacks, 1988; Gerphart,
1994; Gotze and Krause, 2002; Yuan et al., 2002]. The large dimensions of the low imply
an origin that is at the scale of a major crustal or lithospheric feature. Seismic tomographic
and residual gravity field data suggest that the lithosphere in this region is abnormally cold
and dynamically subsided, due possibly to coupling with the subducting Nazca plate
[Go6tze and Krause, 2002; Yuan et al., 2002].

The geology of this area has been the subject of several studies, its structure and tectonic
setting for the up to ~8 km of sediments contained in the basin are still not completly
understood. Along the western margin of the basin, almost 5 km thick, sedimentary and
minor volcanic, deposited between the Cretaceous to Paleogene time, constitute one of the
key elements of the basin fill (Figures 2&3). Deposition is generally assumed to have
occurred during extensional tectonics in an arc or back-arc setting, even if syn-sedimentary
extensional faults have not been described [Hartley et al., 1992; Flint et al., 1993; Charrier
and Reutter, 1994]. Similarly, Oligo-Miocene evolution of the basin has been attributed to a
stage of relaxation, following Late Eocene compressional tectonics [Gotze et al., 2002].
New detailed mapping of the western border of the basin [Arriagada, 1999; Mpodozis et
al., 1999; Arriagada et al., 2000; Arriagada et al., 2002; Mpodozis et al., submitted; this
work], have allowed an improvement of the structural setting and the surface stratigraphy
of the area. Moreover, a complete set of migrated seismic reflection lines over much of the
Salar de Atacama and an exploration oil well in the center of the basin (Figure 2), permit us
discuss de tectonic evolution of the Atacama basin. Several works have indicated that the
geometry of the basin may be controlled by the inversion of Cretaceous extensional faults

[Macellari et al., 1991; Mufioz et al., 1997; Mufioz et al., 2002], our observations, in
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agreement with Mufioz et al. [1997; 2002], suggest that the Salar de Atacama basin was
developed in a compressional foreland setting, from mid-Cretaceous to Paleogene times as

it did also in Neogene to recent times.

Geological Setting

The Salar de Atacama is situated in the pre-Andean Depression of northern Chile. The
basin is bounded to the west by the Cordillera de Domeyko (Precordillera), which exposes
Paleozoic and Mesozoic rocks (Figures 1&2). This range with an average altitude of 3000
m.a.s.l, was uplifted mainly during the Eocene "Incaic" tectonic event [Ramirez and
Gardeweg, 1982; Charrier and Reutter, 1994; Mpodozis et al., 1993; Maksaev and Zentilli,
2000]. To the east, it is bounded by the Andean slope, constituted by Miocene and
Pliocene ignimbrites, a few Late Paleozoic rocks (Peine Group of Breitkreuz and Zeil.,
1994) and the active volcanic arc of the Western Cordillera. The southern border of the
basin is delineated by the Western Cordillera, which here retreats around 60 km eastwards
from its regional NS trend, adopting a NE-SW trend, and the Cordén de Lila Paleozoic
basement range (Figures 1&2). The Cordon de Lila comprises Ordovician to Carboniferous
sedimentary and volcanic/plutonic rocks [Niemeyer, 1984; Damm et al., 1991]. Apatite
fission track ages of 38.6+5.6 Ma indicate that this basement range was situated at a depth

of at least 3-4 km during the Late Eocene [Andriessen and Reutter, 1994].

The basin has approximated dimensions of 100 km wide (EW) and 200 km length (NS). Its
2300 m altitude contrasts with heights of up to 6700 m in the Western Cordillera and 4278
m (Co. Quimal) in the Cordillera de Domeyko (Figure 2). The basin displays in its interior,
the Cordillera de la Sal, a SSW-NNE trending fold and thrust belt, 5-10 km wide, which
rises about 200 m above the basin level. This is constituted by complexly deformed
Oligocene-Pliocene, evaporite-rich, continental sediments and ignimbrites [Ramirez and
Gardeweg, 1982; Flint et al., 1993; Wilkes and Gorler, 1994]. This still tectonically active
ridge traverses the basin and separates the Salar de Atacama flat plain from the Llano de la
Paciencia (Figure 2). The Llano de la Paciencia is a narrow 80 km long NS, and 8 km wide
subbasin filled by a complex coalescing Quaternary alluvial fans [Jolley et al., 1990].
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The eastern border of the Cordillera de Domeyko, coincides with a steep 900 m high
topographic scarp (El Bordo Escarpment, Figure 2), which extends for more than 120 km
along the western margin of the basin. The older and best exposed sequences of the
Mesozoic to Cenozoic Atacama basin fill occur in a series of major E/W to NW/SE trending
canyons, cutting trough El Bordo Escarpment (Figures 2, 3&4). Sedimentary and volcanic
rocks, of the Purilactis Group, the Orange and Loma Amarilla formations constitute more
than 5 km thick [Dingman, 1963; Ramirez and Gardeweg, 1982; Naranjo et al., 1994; Flint
et al., 1993; Charrier and Reutter, 1994; Mpodozis et al., 1999; Mpodozis et al.,
submitted]. Further to the east, although not exposed, these sequences also form the lower
section of the Llano de la Paciencia and the Atacama basin sedimentary fill [Macellari et al.,

1991; Mufioz et al., 1997; Muioz et al., 2002].

Cretaceous-Paleogene stratigraphy of the western edge of the basin

The lower portion of the Purilactis Group, the Tonel Formation, is a sequence of red
sandstone and evaporite finely bedded and laminated, accumulated in a playa-lake
environment of 400-1000 m thick (Figures 2, 3, 4&5). The Tonel Formation rests in a
smooth unconformity over Triassic lacustrine and volcanic rocks (Figure 5a&b), which
overlie the Late Paleozoic volcanic and intrusive rocks of the Cordillera de Domeyko. The
Tonel Formation is covered by almost 3000 m of fluvial, alluvial, lacustrine red sandstone
and mudstone beds of the Purilactis Formation (Figure 5c). Paleomagnetic data suggest that
the deposition and magnetization of the Tonel Formation and the lower portion of the
Purilactis Formation occurred during the mid Cretaceous normal polarity superchron (119-
84 Ma, Arriagada et al., 2000). Over the Purilactis Formation, 500 m of coarse fan
conglomerate beds of alluvial setting of the Barros Arana Formation were deposited during
Late Cretaceous time (Figure 3). Finally, 800 m of basaltic to rhyolitic lava flows with
minor limestone beds of the Cerro Totola Formation constitute the upper portion of the
Purilactis Group. The age of the Cerro Totola Formation is well defined for 11 K/Ar ages in
lava flows and related intrusions (Cerro Quimal Intrusive is also included), ranging from 66
to 61 Ma [Mpodozis et al., submitted]. A strong angular unconformity separates the
Purilactis Group of the Orange and Loma Amarilla formations (Figure 2,3,4&5b). The
Orange Formation is constituted by up to 900 m thick conglomerate in the lower portion

and sandstone and evaporite beds in the upper levels. The Orange Formation, is covered by
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a tuff horizon and coarse conglomerate beds with internal crosscutting and onlapping
relationship of the basal portion of the Loma Amarilla Formation, which is mainly
constituted by up to 1000 m of coarse conglomerate beds. A Late Eocene age of the basal
volcanic of this formation is well defined by K/Ar (39.9£3 Ma, Ramirez and Gardeweg,
1982) and “°Ar/*’Ar (43.840.5 and 42.2+0.9, Hammerdschmidt et al., 1992). The upper
portion of this succession, poorly dated was deposited probably during Early Oligocene

time [Mpodozis et al., submitted].
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Figure 3: Geological map in LANSAT image of the north El Bordo Escarpment.
F6b,c indicate the location of the photos for the Figures 5&6.
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Figure 4: Geological map in LANSAT image of the south El Bordo Escarpment. Féob,c
indicate the location of the Figures 5&6.







Surface structure of the western border of the Salar de Atacama

In the northwest part of the basin, on the western limb of the large cylindrical Barros Arana
syncline, a westward-verging back-thrust has detached the Purilactis Formation (in the
hanging wall) from evaporites of the Tonel Formation (in the footwall). The back-thrust
can be traced all along the El Bordo escarpment (Figures 2, 3, 4&5c). In the central part of
the area (Cerro Quimal), the syncline becomes tighter, adopting a chevron style with its
axial plane dips westward (Figure 2&4). The trend of its axial surface shifts form N60° E
(Cerro Totola) to NNE (Barros Arana). In the footwall of the detachment between
Purilactis and Tonel formations is an anticline, overturned to the east, which appears to be
a fault-propagation fold, above a east verging thrust front that roots into the eastern edge of
Cordillera Domeyko (Figure 4&6). About 1 km to the SE, a syncline and adjacent anticline
mark the lower part of the Tonel Formation, whereas no folds are visible in the upper part
(Figures 4&6). Another 5 km to the S, the basal section of the Tonel Formation shows
growth strata (Figure 5d). These were deposited over pre-growth strata, which form kink
folds. Further S, on the eastern side of Cerro Quimal, Late Paleozoic (and early Triassic?)
volcanic rocks are overthrusting the Tonel Formation above an eastward-verging footwall

syncline (Figure 4&5g).

To the south of Cerro Totola, there is an important change in the structure of the western
edge of Salar de Atacama. In this region disappears the Barros Arana Syncline and is a
complex zone of deformation. More to the south, there is another conspicuous Syncline
(Loma Amarilla Syncline). Contrasting with the Barros Arana Syncline, which is
constituted by the Purilactis Group, the Loma Amarilla Syncline, NS trending, is
constituted by the Paleocene-Eocene deposits of the Orange and Loma Amarilla formations
(Figure 4&6e). In the zone of deformation that separates both synclines, the Orange and
Loma Amarilla formations are overthrusted by red beds of the Tonel Formation of the east
limb of the Barros Arana Syncline (Figure 4&6e). Growth strata in the conglomerate beds
of the Loma Amarilla Formation, to account for syn-tectonic sedimentation, during the
uplift of the Cordillera de Domeyko, and the eastward movement of the Barros Arana
Syncline over the Paleocene-Eocene (Oligocene?) sediments (Figure 4&6¢). Reverse faults
also affect Quaternary gravels, indicating that compressive deformation is still active

(Figure 6e). More to the south, in the zone of Cerro Negro, the Orange and Loma Amarilla
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formations are overthrusted by the basement. This east verging thrust, has deformed
intensely the evaporitic-rich facies of the upper portion of the Orange Formation and the

upper Loma Amarilla Formation.
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Figure 6: Evidences of compressional deformation. a. Sketch of Figures 6b&c. b. Growth anticline overturned to the east in
Triassic and lower Tonel Formation. c. Growth syncline in red beds of the lower Tonel Formation. d. Detail of the Figure
6¢, while the lower portion is forming a syncline, the upper portion is no showing the syncline geometry. e. ASTER image,
with geological data and an EW section of the transition zone between the Barros Arana Syncline and the Loma Amarilla
Syncline (see Figure 4), accounting for Eocene to recent compressional tectonics.






Basin Subsurface Structure

Stratigraphic relation between the El Bordo Escarpment and the Toconao 1 exploration
well

A detailed description of the stratigraphy of the Toconao well may be found in Mufioz et
al. [1997, 2002]. In this sub-section we correlate the surface stratigraphy of the El Bordo
Escarpment with the subsurface stratigraphy recognized in center of the basin. The
Toconao 1 exploration well shows a stratigraphic section of around 5500 m (Figures 2&7).
A well-defined seismic unit between 2895 and 3900 m of depth is constituted by
sandstone, marine limestone, anhydrite and claystone beds and was deposited in a marine
related setting during Maastrichtian time [Mufioz et al., 1997, 2002]. The marine facies of
the Toconao 1 well has been correlated with the Yacoraite Formation, which is well
exposed in the Puna and Eastern Cordillera. The Yacoraite Formation has been related to
the Atlantic opening and related marine transgression occurred in Late Cretaceous to
Paleocene time [Salfity et al., 1985; Gallisky and Viramonte, 1988; Marquillas and Salfity,
1994]. These deposits have a similar age range than the volcanic rocks of the Cerro Totola
Formation. Although, other names have been used for the units founded in the Toconao 1
well [Muioz et al., 1997, 2002; Jordan et al., 2002], we prefer for simplicity use a similar
terminology that in the El Bordo Escarpment. Thus, we correlate the Late Cretaceous
deposits of the Toconao 1 well as Cerro Totola Formation (Figure 7). The lower part of the
Toconao 1 well, under the Cerro Totola Formation, is constituted by 1500 m of sandstone,
siltstone and limestone levels interbedded with volcanic rocks. This section traditionally
has been described as the Peine Group as part of basement rocks. Nevertheless, there are
no chronological data to establish a precise age for these levels. Moreover the seismic data
do not allow identify a clear discordant contact between the sedimentary Cretaceous
sequences and any Paleozoic basement. We considered that the lower section, of the
Toconao 1 well (lower Cerro Totola Formation in Figure 7), at least in part might be
equivalent to the Cerro Totola Formation (or lower units of the Purilactis Group).
However, due to the low quality of the seismic data in the lower levels of the basin, it is
not possible to establish a lateral continuity from the western edge towards the center of
the basin. Therefore, until now, we do not know if there are equivalent deposits of the

other facies of the Purilactis Group to the east of the Salar de Atacama.
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The Cerro Totola Formation in the Toconao 1 well is unconformably covered by about 800
m of volcaniclastic sandstone and volcaniclastic conglomeratic beds. The top of the
sequence can be traced until the western border of the basin, and coincide with the top of
the Orange Formation (see below). It unit is covered unconformably by about of 500 m
thick of continental coarsening upward sequences of sandstone beds, with frequent
interbeds of claystone and volcanic conglomerate with minor sandstone [Mufioz et al.,
2002]. This unit can be considered as an distal equivalent unit of the Eocene-Oligocene
Loma Amarilla Formation. Over this unit, Neogene to Recent continental deposits
constituted mainly by claystone, sandstone and evaporitic beds and interbedded ignimbrite

constitute the more recent basin fill [Mufioz et al., 1997, 2002; Jordan et al., 2002].
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Subsurface structure to the east of the Cordillera de la Sal

A complete set of migrated seismic reflection lines over much of the Salar de Atacama was
acquired by ENAP (Figure 2). To the east of the Cordillera de la Sal, a high angle verging to
the east thrust fault (Salar Fault System, [Mufioz et al., 2002]) and a NS symmetrical
geometry in the eastern side of this fault are the main structural features (Figure 7). Two
anticlines and a large basin between them constitute the symmetrical geometry (Figure 7).
The northern anticline, with dome geometry, is where the Toconao 1 well was done (Figure
7). The anticline is faulted by an east verging ramp-flat thrust, with a detachment level
located into the Cerro Totola Formation. To the south, a dextral lateral ramp connected
with the detachment level is bounding the anticline (Figure 7). Several works suggest that
this anticline may be related with an inverted normal fault, rooted in the basement [Mufioz
et al., 1997, 2002]. The normal displacement, according to this interpretation might have
occurred during the accumulation of the Cerro Totola Formation. Despite the low quality
of the seismic information between 3 to 6 seconds in the figure 7, the general structure
under the Toconao 1 Anticline appears to be a syncline with the detachment level in its
center. The lateral ramp is not affecting the Peine Group and no evidences of variation in
the thickness for the sediments of the Cerro Totola Formation in both, one or another side
of the faults (lateral or frontal ramp) were found (Figure 7). Thus, although, other works
have suggested a thick-skinned tectonics to explain the Toconao 1 Anticline, our
observation point to a thin-skinned tectonics origin. This interpretation is supported by

similar structural styles observed more to the south (see below, Figure 8).

Between the two anticlines shown in figure 7a, a large depocenter related to the Salar Fault
System is observed (Figures 7c, 8). The Cerro Totola Formation shows an anticline
(hanging wall)-asymmetric syncline (footwall) structure, which is displaced by the Salar
Fault System. Internal unconformities and deformation occur in the Orange Formation,
related to vergent to the east detachment levels, rooted in the Cerro Totola Formation
(Figures 7&8). Whereas the thickness of the Cerro Totola Formation is similar in both,
footwall or hanging-wall of the Salar Fault System, the thickness of the Paleogene and
Neogene units shows important variation (Figure 8). The Orange Formation has the more
contrasting variation of its thickness. In the footwall of the Salar Fault System, is showing

large growth strata while on the crest of the anticline (in the hangingwall) shows a very
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reduced thickness. This fact, to account for an important period of uplift with
sedimentation (in the footwall) and erosion (in the hangingwall) during Paleocene-Eocene
time. The southern anticline (figure 7) is located to the east of the Cordon de Lila basement
range. It has dome geometry constituted mainly by the Orange and Loma Amarilla
formations (Figure 9). A rapid variation in the thickness of the sedimentary wedge for the
Orange Formation is observed (Figures 7, 8 & 9). The Cerro Totola Formation can be
traced all along the NS seismic section and under the anticline. While the northern Toconao
1 anticline affects the Cerro Totola Formation, in this area the anticline, also with dome
geometry is constituted mainly by the Orange and Loma Amarilla formations and no
deformation (related to the anticline) is observed in the Cerro Totola Formation. This

suggests a detachment level between the Orange and Cerro Totola formations.

A seismic profile in the southern edge of the basin shows the Cordon de Lila basement
range and basins in each side. In the eastern side of the basement the Salar Fault System has
a smaller vertical displacement than in the central area (Figures 8&10). Despite of a less
displacement of the Salar Fault System, intense deformation is observed more to the east.
Here, the deformation front has been displaced to the east of the Salar Fault System, and
the shortening is resolved by at least 3 verging to the east, imbricate panels, with syn-
tectonic related sedimentation, which are affecting the Paleogene to Neogene levels of the
basin (Figure 9, 10 &11). The east verging sheets are in agreement with the surface
structure observed in the southeastern margin of the basin. Detailed structural mapping of
Ramirez and Gardeweg, [1982] and Kuhn, [2002], revealed the presence of east verging

thin-skinned fold and thrust belt affecting Oligocene-Pleistocene rocks.

Despite the low quality in the deeper parts of the section in the figure 10, a detailed
revision of the seismic data permit to trace the strongest reflections under the Cordon de
Lila (Figure 12). The geometry of reflection events in the footwall probably reflects
velocity pullup due to the shorter traveltimes through higher velocity basement rocks at the
surface. Even though, the Cerro Totola Formation and the Peine Group appear to be
overthrusted by the Cordon de Lila basement. Thus, if our interpretation is correct, the

horizontal compression has been more important than previously thought.
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east imbricate sheets account for Neogene to recent compressive tectonics. The detachment level is rooted in the Orange Formation.
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Subsurface structure to the west of the Cordillera de la Sal

Muioz et al. [1999, 2002] have indicated that the fold-thrust belt of the Cordillera de la
Sal, in the southern Atacama basin, is a thin-skinned tectonics feature. This is clearly
observed in the figure 13. The detachment level can be continued for most of the basin and
correspond to the upper Orange Formation. This is in agreement with the field
observations in the western edge of the basin, where the upper Orange Formation is
constituted mainly by evaporite-rich sediments. Towards the north, this level is deeper
than in the south reaching up to 3 TWT. Contrasting with the south zone, in the north

zone two reflectors are observed under the Cordillera de la Sal (Figure 13, see below).

Despite of the low quality of the subsurface data from the western edge of the Salar de
Atacama, a detailed revision shows first order features, which can be constrained by the
field observations of the El Bordo Escarpment. Although it is not possible to observe its
internal structure, the Barros Arana Syncline is clearly observed in the seismic data. A
strong reflector occurs under the Barros Arana Syncline, which has anticline geometry.
Based with the good exposures in the Cerro Quimal area, the anticline is constituted by the
Lower Tonel Formation. Thus, the Barros Arana Syncline is detached of the evaporitic
beds of the upper Tonel Formation (see figures 5, 6&14). A second strong reflector, also
with anticline geometry is observed between 2,5 and 3 s. This level can be interpreted as
the limit between the lower Tonel Formation and the top of the lacustrine Triassic
sedimentary rocks. In the upper part of the Purilactis Group, a clear unconformity in the
core of the Barros Arana Syncline mark the base of the Oligocene-Miocene gravels (Figures
3&14). Thus, although, with less amount of shortening, the cross section in the north
Barros Arana Syncline appears to be similar to the structure of the Cerro Quimal area (see

Figures 3, 4, 5, 6 & 14).

The Barros Arana Syncline and the Tonel Formation are over the reflector, shown in figures
13&14. A geometry of anticline immediately over this level suggest that this reflector is a
detachment level, where the Barros Arana Syncline the Tonel Formation and perhaps the
Triassic sediments are overthrusting the Paleocene-Neogene units. This interpretation is in
agreement, with the east verging sheet thrust affecting Neogene sediments and ignimbrites

to the east of the Barros Arana area described by Jolley et al. [1990]. Jolley et al. [1990],
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suggested an east verging mayor thrust fault (the Frontal Domeyko Thrust), which uplifted
the Purilactis Group over Neogene sediments in the Barros Arana area. Probably, the east
verging sheet thrust system observed in the north area, are related to the thrust fault
system observed to the south of Cerro Totola area, where the Loma Amarilla Syncline is

overthrusted by the Barros Arana Syncline.
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Discussion

Based in the field and seismic information, we have constructed 3 structural sections
(Figure 15). Excepting the detachment level between the Purilactis and Tonel formations in
the Barros Arana Syncline, the structural style is characterized by east verging thrusting.
The intensity of the deformation increases when the basement is directly involved. If the
Cordon de Lila basement is overthrusting the Cerro Totola Formation, clearly the amount
of shortening increases toward the south. Due to large tectonic rotations that affect this
region of the forearc [Arriagada et al., 2000, 2003], a classical method of seismic profiles

restoration don’t provide a good estimation of the shortening occurred in the region.

The comparison between the field data of the western border of the Atacama basin, the
published data for the exploratory well Toconaol [Muioz et al., 1997; 2002] and the
subsurface seismic data, shows a similar stratigraphy for the Late Cretaceous-Neogene
units. However, Cretaceous units of the Purilactis Group (Tonel and Purilactis formations)
are not clearly evidenced in the center of the basin. Important longitudinal variations in the
thickness of Paleogene sediments are observed. The maximum thickness in the Paleogene
units are between the Toconao 1 well and the Cordon of Lila range (Figure 8). The
structural styles and growth strata in the Tonel Formation suggest that at least the lower
section of the Purilactis Group was accumulated in a compressional context controlled by a
east verging thrust system. Further work is needed to find field evidences for a tectonic
setting of deposition for upper levels of the Purilactis Group. Fission track ages for the
Cerro Quimal intrusive indicate fast uplift at about 63 Ma (Andriessen and Reutter, 1994).
They thus account for Paleocene alluvial facies of the Orange Formation, deposited along
all the basin, with large growth strata related mainly to the Salar Fault System in the eastern
side of the basin. Probably, the main tectonic event in the area was probably the Late
Eocene Incaic phase, which accounted for deposition of more than 1000 m of proximal
alluvial facies (Loma Amarilla Formation), large clockwise tectonic rotations, uplift and
eastward overthrusting of Cordillera Domeyko and Cordén de Lila basement range
[Mpodozis et al., 1993; Charrier and Reutter, 1994; Andriessen and Reutter, 1994;
Maksaev and Zentilli, 2000; Arriagada et al., 2000, 2003]. During the Neogene
compressional deformation was also active as is evidenced by the field observations in the

western edge of the Atacama basin, the Salar Fault System, the related deformation to the
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east in the basin and more to the east in the boundary with the Western Cordillera [Ramirez

and Gardeweg, 1982; Kuhn, 2002].

The Salar de Atacama basin can be understood as a long-lived basin developed in a foreland
tectonic setting, active since the mid-Cretaceous to the Neogene. Thus, the tectonic setting
that affected the Salar de Atacama area might be similar in all the pre-Andean depression,
indicating that pre-Neogene compressional tectonics can be a fundamental element in the
construction of the actual central Andes. However, traditionally, models propose that the
main structural style between the forearc and the Western Cordillera is controlled by a
verging to the west thrust system [Isacks, 1988; Munoz and Charrier, 1996]. This is in fact
the case more to the north in the Arica region [Mufoz and Charrier, 1996], when west
vergent thick-skinned thrust tectonics support the western monocline flexure to the west of
the Altiplano [Isacks, 1988]. An important boundary can be between the vergent to the
west structural domain in most northern Chile and the vergent to the east structural

domains observed in the Salar de Atacama basin.

Although the structural style observed is similar to the “classic” foreland basins, due to the
small dimensions of the Salar, the generation of space and the long-lived of the basin cannot
be explained only by flexural subsidence induced by loading of the Cordillera de Domeyko
basement. Recent geophysical surveys have indicated the presence of a positive anomaly in
the isostatic residual gravity [Gotze and Krause, 2002] which is well correlated with the
low topographic of the Salar de Atacama and Pipanaco (northwestern of Argentina) basins.
Moreover, tomographic data shows under the Salar de Atacama an abnormally cold
lithospheric mantle which can be mechanically coupled with the top of the subducting
Nazca plate [Yuan et al., 2002]. A high density Ordovician ultrabasic and/or remnants
ophiolites or the root of the Cambrian-Ordovician magmatic arc (Cordén de Lila in northern
Chile) could cause the observed anomaly [Go6tze and Krause, 2002], and dynamically

induce the subsidence of the Salar de Atacama basin during its long history.
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Introduction

Au moment de commencer cette étude, la grande partie des études paléomagnétiques au
nord du Chili avaient été faites principalement sur les roches volcaniques et intrusives d’age
Jurassique et Crétacé Inférieur exposées le long de la Cordillere de la Cote [Forsythe et
Chisholm, 1994; Riley et al., 1993; Randall et al., 1996; Taylor et al., 1998] et certains des
sédiments du Crétacé Inférieur [Turner et al., 1988]. Contrairement a 1’hypothése proposée
par Heki et al. [1985], la plupart des nouvelles études publiées au cours des années 90 ont
généralement cherché a associer les rotations horaires observées dans la Cordillére de la
Cote comme une conséquence des mouvements senestres d’age Crétacé Inférieur le long du
Systeme de Faille d’ Atacama [Forsythe et Chisholm, 1994; Randall et al., 1996, Taylor et
al., 1998]. Méme s’il n’y avait aucune contrainte sur I’age de la rotation, les résultats ont
été expliqués au moyen de modeles de domino trés simples et discutables (Figure 1.6). Des
¢tudes plus récentes ont démontré que des rotations horaires sont trouvées, non seulement
dans la Cordillere de la Cote, mais également a travers tout ’avant arc [Randall et al., 2001;
Somoza et Tomlinson, 2002; Taylor et al., 2001; Ferndandez et al., 2000]. Un manque de
rotation dans les strates Miocenes Inférieures non déformés [Somoza et Tomlinson, 2002]
suggere que le nord du Chili n’ait pas subi une rotation significative pendant le Cénozoique
Supérieur. Ainsi, les travaux les plus récents semblent indiquer que les rotations horaires
qui affectent les roches Mésozoiques et Tertiaires du nord du Chili se sont produites avant
le Néogene et sont probablement associées aux épisodes tectoniques Paléogeénes pendant

une période de forte convergence oblique.

Dans le cadre de 1’étude de 1’évolution tectonique Cénozoique de la région de 1’avant arc du
nord du Chili, il nous est apparu nécessaire de mener une campagne d’échantillonnage
paléomagnétique en vue de caractériser le champ de rotation a travers cette région afin de

compléter le jeu de données a 1’échelle de I’orogéne et de répondre des questions suivantes :

1) Quelle est I’age, la distribution spatiale et la quantité des rotations dans l'avant arc
du nord du Chili ?
2) Quelle est I'origine des rotations tectoniques horaires de 1’avant arc du nord du

Chili?

185



3) Quelle est I’'importance de la partitionne de la déformation dans un régime de
subduction oblique dextre pour 1’origine de rotations ?

4) Le mécanisme qui contrdle les rotations est déterminé par des forces horizontales ou
des forces exercées dans la base de la crotte ?

5) Quelle est la relation entre les processus qui ont été a l'origine des rotations horaires

et de ceux associés a la formation de 1’Orocline bolivien ?
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Résumé : Dans la Vallée Centrale du nord du Chili (région d’Antofagasta), 1’analyse de 108
sites de données paléomagnétiques, principalement de roches d’age Mésozoique a
Paléogene, a livré 86 sites & magnétisations rémanentes stables. A partir de ces données, on
déduit des rotations tectoniques en sens horaire jusqu’a 65° dans 1’avant arc des Andes
Centrales. La relation apparente entre les rotations tectoniques et 1’orientation des
structures suggere que les rotations se sont produites principalement pendant I’événement
orogénique Incaique d’age Eocéne-Oligocéne Inférieur. Certains résultats paléomagnétiques
obtenus sur des roches d’age Néogeéne ne montrent pas de preuves de rotation horaire. Par
conséquent, la construction de 1’Orocline bolivien pendant le Néogéne Supérieur ne peut
s’expliquer par une simple flexure de toute la marge. Ces résultats démontrent que les
rotations tectoniques dans I’avant arc sont des ¢léments clef de la déformation Andine
précoce, et devraient étre considérées dans les modeles cinématiques d’évolution des Andes

Centrales.
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[11 For the Central Valley of northern Chile (Antofagasta region), a paleomagnetic
analysis of data from 108 sites, mainly in Mesozoic and Paleogene volcanic rocks, has
yielded stable remanent magnetization directions for 86 sites. From these data, we infer
clockwise tectonic rotations of up to 65° within the forearc domain of the central Andes.
The apparent relationship between tectonic rotations and structural trends suggests that
rotations occurred mainly during the Incaic orogenic event of Eocene—early Oligocene age.
A few paleomagnetic results obtained in Neogene rocks do not show evidence of clockwise
rotations. Hence the development of the Bolivian orocline during late Neogene time cannot
be explained by simple bending of the whole margin. These results demonstrate that
tectonic rotations within the forearc and pre-Cordillera are key elements of early Andean
deformation, which should be taken into account by kinematic models of mountain

building in the central Andes.
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1. Introduction

[2] The Bolivian Orocline, or change in trend of the Andes
from NW-SE to N-S near 18°S, is one of the most con-
spicuous large-scale features of the entire Andean chain. The
orocline concept was originally formulated by Carey [1958]
who envisaged counterclockwise rotation of that segment of
the Andes between the Arica—Santa Cruz bend and the
Huancabamba bend in the north, essentially after formation
of an initially straight Andean chain. Isacks [1988] indicated
that along-strike variations in the width of the Bolivian
Altiplano were associated with differential shortening during
plateau uplift. According to this model, a slight original
curvature of the Andean continental margin was enhanced
by differential shortening during Neogene time, implying
rotation of both limbs. The expected rotations are of 5°—10°
for the southern limb and 10°—15° for the northern limb.
This tectonic model was verified by early paleomagnetic
results obtained mostly along the forearc [Heki et al., 1984,
1985; May and Butler, 1985; see also review by Beck, 1988].

1Departamento de Geologia, IRD, Universidad de Chile, Santiago,
Chile.

2UMR 6118 du CNRS, Géosciences-Rennes, Rennes, France.

3Servicio Nacional de Geologia y Mineria, Santiago, Chile.

“Now at SIPETROL, Santiago, Chile.

>Department of Geosciences, University of Arizona, Tucson, Arizona,
USA.

Copyright 2003 by the American Geophysical Union.
0148-0227/03/2001JB001598$09.00

ETG

[3] During the last decade numerous new paleomagnetic
data have been obtained. They demonstrate that vertical axis
rotations are important components of deformation in the
central Andes [Macedo Sanchez et al., 1992; Butler et al.,
1995; MacFadden et al., 1995; Randall and Taylor, 1996;
Randall et al., 2001; Aubry et al., 1996; Somoza et al.,
1999; Coutand et al., 1999; Roperch et al., 2000; Arriagada
et al., 2000; Somoza and Tomlinson, 2002]. Most of the new
paleomagnetic studies indicate variable amounts of rotation
whose magnitudes often exceed those predicted by oroclinal
bending associated with uplift of the Altiplano—Puna pla-
teau (see also review by Beck [1998]). In situ block
rotations, in response to oblique convergence [Beck, 1987]
and tectonic shortening [Coutand et al., 1999; Roperch et
al., 2000], are thus needed to explain the observed spatial
variability in the magnitude of rotations.

[4] The suggested relation between plateau uplift and
oroclinal bending [/sacks, 1988] implies that most of the
rotations should have occurred during Neogene time. For
the Altiplano—Puna plateau, a good correlation exists
between Plateau uplift, deformation and tectonic rotations
[Coutand et al., 1999; Roperch et al., 2000]. Within the
forearc and the pre-Cordillera of northern Chile (Domeyko
Cordillera, Figure 1), the situation is different. There, large
rotations are observed in Paleocene rocks [Hartley et al.,
1992; Arriagada et al., 2000] but no evidence of late
Neogene rotations has been found [Somoza et al., 1999;
Somoza and Tomlinson, 2002]. In addition, although the
tectonic uplift of the 3000-5000 m high ranges of the
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Figure 1. Simplified sketch of the Andes of northern
Chile showing the principal morphologic units and main
structural features. The large rectangle indicates the main
study area further described in Figure 2. The small squares
indicate the Tocopilla and Rio Loa sampling localities not
shown in Figures 2, 4, and 5.

Domeyko Cordillera in northern Chile has been previously
assumed to be mostly Miocene in age, fission track thermo-
chronology [Maksaev and Zentilli, 1999] indicates that
tectonic uplift and erosion were mainly active during the
Eocene—early Oligocene, when at least 4—5 km of rocks
were eroded during exhumation of tectonic blocks of the
Domeyko Cordillera between ca. 45 and 30 Ma.

[5] In the Antofagasta region (Figure 1), most of the
published paleomagnetic data have been obtained in upper
Mesozoic rocks from the Coastal chain [Turner et al., 1984;
Tanaka et al., 1988; Forsythe and Chisholm, 1994]. Here
we report new paleomagnetic results based on extensive
sampling in mostly volcanic rocks with occasional sedi-
mentary, intrusive rocks, and semiconsolidated continental
sediments across the forearc of the Antofagasta region
(22°-24°S, Figures 1 and 2). The sampling includes Mes-
ozoic rocks from the coastal chain, Cretaceous rocks from
the Central Valley and Tertiary rocks from the western edge
of the Domeyko Cordillera. Our study supplements results
obtained by Arriagada et al. [2000] along the eastern border
of the Cordillera de Domeyko.

2. Geology and Tectonics of the Forearc of
Northern Chile

[6] In the forearc of northern Chile, subduction-induced
magmatism has been active at least since 180 Ma [Coira et

ARRIAGADA ET AL.: PALEOGENE CLOCKWISE TECTONIC ROTATIONS

al., 1982]. It is possible to distinguish four magmatic stages
(Figures 2 and 3): a Jurassic—Early Cretaceous arc (180—
120 Ma) in the Coastal Cordillera, a mid-Cretaceous arc
(110—85 Ma) in the Central Valley, a latest Cretaceous (ca.
85-65 Ma) episode of volcanism in the central depression
and an essentially Paleocene arc (65—-55 Ma) along the
western slope of the Cordillera de Domeyko [Marinovic and
Garcia, 1999; Scheuber and Gonzalez, 1999; Cortés, 2000].
Magmatism in the forearc essentially ended during the
Eocene to early Oligocene with emplacement of a suite of
shallow stocks along the axis of the Domeyko Cordillera
including some of the giant porphyry coppers of northern
Chile [Cornejo et al., 1997].

2.1. Geology of the Coastal Cordillera of the
Antofagasta Region

2.1.1. Stratigraphy

[7] In the coastal Cordillera (Figures 2 and 3), a 3000—
10,000 m thick volcanic sequence (La Negra Formation),
composed mainly of subaerial lava and breccias of basaltic—
andesitic composition, accumulated during Early to Middle
Jurassic times. Associated intrusive bodies are of gabbroic
to granodioritic composition. Subduction related plutonism
started around 180 Ma and reached a maximum in Middle
Jurassic to Early Cretaceous times (160—120 Ma) [Boric et
al., 1990].
2.1.2. Regional Structure

[8] The coastal magmatic arc is longitudinally cut by the
Atacama Fault System (AFS, Figure 2). The AFS is a
complex association of NS trending mylonitic and cataclas-
tic zones and brittle faults exposed along the Coast Range of
northern Chile, between 22°S and 29°S [Hervé, 1987,
Scheuber and Adriessen, 1990; Grocott et al., 1994;
Scheuber and Gonzdlez, 1999]. The AFS has a long history
of deformation spanning the Early Jurassic to Cenozoic.

[o] Sheuber and Gonzalez [1999] suggested that struc-
tures of the Jurassic to Early Cretaceous magmatic arc
formed in four stages. In Stage 1 (ca. 195—155 Ma), motion
was left lateral and arc parallel. In Stage 2 (160—150 Ma),
there was strong arc-normal extension. For Stage 3 (155—
147 Ma), a reversal in the stress regime is indicated by two
generations of dikes, an older one trending NE-SW and a
younger one trending NW-SE. During Stage 4 (until ~125
Ma), left-lateral motions prevailed, the AFS originating as a
left-lateral trench-linked fault. Brittle strike-slip and dip-slip
movements continued intermittently along the AFS until the
late Miocene [Hervé, 1987].

2.2. Geology of the Central Valley of the
Antofagasta Region

2.2.1. Stratigraphy

[10] On the western side of the Central Valley (Figures 2,
3, and 4), scarce outcrops of upper Paleozoic sedimentary
rocks are unconformably overlain by a marine sequence of
Late Triassic to Early Jurassic age (Rencoret Formation)
[Cortés, 2000] containing Hettangian—Sinemurian fossils.
These sedimentary sequences are covered by andesitic rocks
of the La Negra Formation. To the east, these andesitic
rocks are not present but a mid-Cretaceous continental
volcanic sequence (Paradero del Desierto Formation)
[Cortes, 2000] is covered by the Late Cretaceous Quebrada
Mala Formation (see below). Further east, along the western
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Figure 2. Geological map of the Antofagasta region showing paleomagnetic sites (modified after Mapa
Geologico (1:1000.000), SERNAGEOMIN Chile) [Marinovic and Garcia, 1999; Arriagada et al., 2000;
Cortés, 2000]. Rectangles a and b indicate the locations of the maps shown in Figures 4 and 5. Box ¢
indicates the location of the paleomagnetic study previously published by Arriagada et al. [2000].
Circles indicate the location of the paleomagnetic sites (filled circles indicate the three sites in the Sifon

Ignimbrite).

edge of the present-day Cordillera de Domeyko (Figures 2,
3, and 4), a thick sequence of Jurassic marine sediments
(Caracoles Group) [Marinovic and Garcia, 1999] accumu-
lated in a long-lived back arc basin (Tarapaca basin)
[Mpodozis and Ramos, 1990]. The upper part of the
sequence consists of Upper Jurassic to Lower Cretaceous
continental red beds. The Caracoles Group is overlain
unconformably by continental sediments with interbedded
volcanic sequences up to 3 km thick of the Quebrada Mala
Formation, deposited between 85 and 65 Ma [Marinovic
and Garcia, 1999].

[11] In the Sierra del Buitre, the Mesozoic sequences are
intruded by monzodiorites and granodiorites of the Sierra
del Buitre Batholith (Figures 4 and 5). K-Ar and *°Ar/*°Ar
ages range at 74—66 Ma [Cortés, 2000]. To the east of the
Sierra del Buitre (Figures 3, 4, and 5), the Mesozoic units
are overlain by about 500 m of conglomerates, ignimbrites
and andesitic lava flows of the Paleocene Cinchado For-
mation (63—55 Ma) [Marinovic and Garcia, 1999]. Locally,
the Cinchado Formation is covered by scarce andesitic lava
flows and ignimbrites of the Cerro Casado Formation (48—

45 Ma). Both units are separated by a smooth angular
unconformity.
2.2.2. Regional Structure

[12] The Central Valley is traversed by several NE-NNE
striking faults and lineaments (Figures 2, 4, and 5). The
most important structural feature is a major lineament
parallel to the Antofagasta—Calama road and here termed
the Lineamiento Antofagasta—Calama (Figures 2, 4, and 5).
To the SE of the Lineamiento Antofagasta—Calama, the
Sierra del Buitre is a structurally uplifted block consisting
mainly of Mesozoic rocks. The Sierra del Buitre fault
(Figure 5), a SE verging imbricate reverse fault lying
immediately east of the Sierra del Buitre, places the Que-
brada Mala Formation over the Caracoles Group. It prob-
ably originated as a normal fault and was later reactivated as
an inverse fault during inversion of the Quebrada Mala
basin in the latest Cretaceous—early Paleocene [Marinovic
and Garcia, 1999].

[13] The Mesozoic rocks were deformed in several stages
of Cretaceous compression. Deformation in the Caracoles
Group is marked by open plunging folds and is especially
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Figure 3. Simplified stratigraphy between Coastal Cordillera and Domeyko Cordillera including the
principal names of geological formations described in the text (modified after the studies of Marinovic
and Garcia [1999], Arriagada et al. [2000], and Cortés [2000].

significant within limestones and evaporites. At least part of
the deformation of the Caracoles group predates the accu-
mulation of the Quebrada Mala Formation which is in turn
deformed by predominantly symmetrical folds, with sub-
horizontal axes trending N10°~N50°E. Finally, the Cin-
chado Formation is deformed only by open folds with
amplitudes of several hundred meters. Deformation is not
observed everywhere. For example, to the east of Sierra del
Buitre (near site CG02), a horizontal volcanic flow of the
Cinchado Formation overlies an eroded paleosurface carved
in horizontal Jurassic limestones of the Caracoles Group.

2.3. Geology of the Cordillera de Domeyko in the
Antofagasta Region
2.3.1. Stratigraphy

[14] The Domeyko range consists mainly of upper Paleo-
zoic plutonic and volcanic rocks, which are devoid of any
Mesozoic cover [Coira et al., 1982; Reutter and Scheuber,
1988; Mpodozis et al., 1993]. At the eastern edge of the
Domeyko range, the Paleozoic basement overthrusts, or is
overlain unconformably by, a sequence of red beds and
interbedded volcanics, up to 5 km thick, deposited during the
Early Cretaceous to Eocene (Figures 2 and 3). They have been
described as the Purilactis Group [ Charrier and Reutter, 1994;
Arriagada et al., 2000], and have been interpreted as the infill
of a large basin. This basin formed under the modern Salar de
Atacama, and was connected, to the east, with the Salta Group
rift basins of northwestern Argentina [Grier et al., 1991].
2.3.2. Regional Structure

[15] The Domeyko range is a narrow mountain range
lying between the pre—Andean Depression and the Salar de
Atacama basin, to the east, and the Central Depression
(Central Valley, Figure 2), to the west. The major structural

feature in the Domeyko range is the Domeyko Fault System
(DFS). Transpressional and left-lateral displacements in the
DFS have been documented in the late Eocene and possibly
into the early Oligocene to the south of Calama, although
offsets probably did not exceed ~2 km [Mpodozis et al.,
1993; Tomlinson et al., 1994]. To the north of Calama,
however, the Eocene (Incaic) deformation is represented by
a set of west and east verging faults, which have uplifted
basement blocks and show no significant component of
strike-slip [Tomlinson and Blanco, 1997a]. By the end of
the early Oligocene (after ~31 Ma), a period of left-lateral
displacement has been well documented for the area north
of Calama (Figure 1), resulting in a net offset of approx-
imately 35 km in the Chuquicamata—El Abra area, ensued
up to the middle Miocene (~17 Ma) [Reutter et al., 1996;
Dilles et al., 1997; Tomlinson and Blanco, 1997b].

[16] In the region west of the Salar de Atacama (Figure 2),
the Domeyko range is bounded to the west by the N-S trending
Centinela Fault (Figure 5), which has been interpreted as a
“master fault” ofthe DFS [Mpodozis et al., 1993]. Left-lateral
strike-slip movements can be inferred from a compressive
duplex exposed along the northern part of this fault [Mar-
inovic and Garceia, 1999]. To the east of the Centinela Fault,
the Cinchado Formation and Caracoles Group are separated
from Paleozoic units by the N30°E trending Los Toros Fault.
This fault has been interpreted as a secondary structure of the
Centinela fault [Marinovic and Garcia, 1999].

3. Paleomagnetic Method
3.1. Paleomagnetic Sampling

[17] Paleomagnetic sampling was done during several
field trips and a total of 108 sites were sampled. For most
sampling, we used a portable gasoline-powered drill with a



ARRIAGADA ET AL.: PALEOGENE CLOCKWISE TECTONIC ROTATIONS

23700

7450

7440

7430

7420

7410

23730

7400

7380

7380

PR

400 410 420 430 440 450

707007 6930
—— Paradero del Desierto Fm. | Late Tertiary to recent
1 (Mid Cretaceous) L ! continental sediments
........ Rencoret Fm. Quebrada Mala Fm.
(Jurassic) - (Late Cretaceous)
] Paleozoic volcanic and 7] Sierra del Buitre
continental sediments Late Cretaceous batholith

Figure 4. Geology of the Baquedano Area, western
Central Valley, and paleomagnetic sites (modified after the
studies of Marinovic and Garcia [1999] and Cortés [2000]).

water-cooling system. For weakly lithified layers, we used
an air-cooled system. Samples were oriented using magnetic
and solar compasses. The locations of paleomagnetic sites
are given in Table 1 and shown in Figures 2, 4, and 5. We
sampled the Jurassic La Negra Formation near coastal
localities: Tocopilla (13 sites) and Antofagasta (17 sites).
Near Antofagasta, the thickness of the sampled section is
larger than 3000 m. The sampling is not in a continuous
section near Tocopilla.

[18] Within the Central Valley and the Domeyko range
most samples are from Cretaceous and Paleocene—Eocene
volcanics, whereas a few are from Jurassic marine sedi-
ments, Mesozoic sandstones, and Upper Cretaceous to
Eocene intrusives. To get an upper constraint on the age
of rotations in the forearc, 2 sites in semiconsolidated
Oligocene—Miocene continental sediments, and 3 sites in
a Miocene ignimbritic flow (Sifén Ignimbrite) were also
sampled (Figures 1, 2, and 5).

[19] Sites in volcanic rocks include samples from a single
flow, dyke, sill or ignimbrite. Secular variation was thus not
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averaged at these single-bed sites. In contrast, in sedimen-
tary rocks, sampling included different beds across several
meters of stratigraphic section. In such few sites the site-
mean paleomagnetic direction should average the secular
variation and provide a good estimate of tectonic rotations.
Where sediments were not interbedded with volcanics,
bedding corrections for volcanic rocks were estimated from
general flow attitudes. A few sites were drilled in intrusive
rocks. Except at one site (LC02), bedding of the surround-
ing rocks is almost flat.

3.2. Paleomagnetic Techniques

[20] Samples were analyzed in paleomagnetic laborato-
ries at the University of Chile and the University of Rennes.
Remanent magnetization was measured with either a spin-
ner magnetometer (Molspin or AGICO JR5A) or a cryo-
genic magnetometer (CEA-LETI). Magnetic susceptibility
was measured with a Bartington susceptibility meter. To
better constrain the magnetic mineralogy, we studied the
acquisition of isothermal remanent magnetization (IRM)
and the variation of susceptibility during heating (K-T) on
characteristic samples. IRM was given with a pulse electro-
magnet and K-T experiments were done with the AGICO
KLY3-CS3 instrument.

[21] For most samples, one specimen was subjected to
stepwise thermal demagnetization (10—15 steps) in an
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Figure 5. Geology of the Sierra del Buitre Area, eastern
Central Valley, and paleomagnetic sites (modified after
modified after the study of Marinovic and Garcia [1999]).
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Table 1. Location of the Paleomagnetic Sampling and Magnetic Properties

ARRIAGADA ET AL.: PALEOGENE CLOCKWISE TECTONIC ROTATIONS

Site Lithology Latitude (°S) Longitude (°W) NRM (A/m) K (S Strike/Dip
La Negra Formation (Jurassic) Tocopilla
LNO1 Lava flow 22°11.6 70°13.33 0.42 0.045 0/30
LNO02 Lava flow 22°11.52 70°13.48 0.19 0.057 0/30
LNO3 Lava flow 22°11.53 70°13.42 0.29 0.052 0/30
LNO4 Lava flow 22°9.07 70°13.32 0.47 0.052 0/30
LNO5 Lava flow 22°17.52 70°14.45 0.21 0.036 0/30
LNO06 Breccia/ oxidized 22°17.52 70°14.50 0.1 0.0013 0/30
LNO7 Lava flow 22°17.50 70°14.50 0.25 0.063 0/30
LNO08 Lava flow 22°17.50 70°14.50 0.48 0.054 0/30
LNO09 Lava flow 22°22.22 70°15.00 0.36 0.069 0/30
LN10 Lava flow 22°22.15 70°14.70 0.39 0.071 0/30
LN11 Lava flow 22°22.1 70°14.57 0.39 0.065 0/30
LN12 Lava flow 22°22.1 70°14.57 0.48 0.069 0/30
LN13 Diorite 22°05.95 70°7.18 0.078 0.022
La Negra Formation (Jurassic) Antofagasta
LN14 Lava flow 23°45.42 70°20.95 0.11 0.022 205/35
LN15 Lava flow 23°45.1 70°21.57 0.17 0.031 160/30
LN16 Lava flow 23°44.83 70°21.39 0.035 0.011 180/30
LN17 Lava flow 23°44.40 70°21.68 0.095 0.023 160/30
LNI18 Lava flow 23°43.53 70°21.97 0.15 0.029 180/40
LN19 Sill 23°42.86 70°22.76 0.086 0.015 170/40
LN20 Lava flow 23°41.98 70°23.85 0.061 0.011 170/40
LN21 Ryolite 23°41.97 70°24.63 0.033 0.00023 170/40
LN22 Ryolite 23°41.97 70°24.63 0.011 0.00004 170/40
LN23 Lava flow 23°41.95 70°23.88 0.042 0.0063 170/40
LN24 Lava flow 23°45.75 70°22.3 0.21 0.024 170/40
LN25 Lava flow 23°45.76 70°22.23 0.059 0.0094 170/45
LN26 Lava flow 23°42.94 70°22.58 0.16 0.028 190/45
LN27 Lava flow 23°43.53 70°21.97 0.14 0.035 180/40
LN28 Lava flow 23°43.74 70°21.5 0.36 0.060 190/45
LN29 Lava flow 23°44.83 70°21.39 0.47 0.039 190/45
LN30 Lava flow 23°44.83 70°21.39 0.17 0.016 180/30
Rencoret Formation (Early Jurassic)
RFO1 Limestone/oxidized 23°31.10 69°57.85 0.00671 0.000115 259.3/24.9
RF02 Limestone/oxidized 23°33.47 69°55.45 0.00387 6.17e—05 292.4/25.2
RFO03 Limestone/oxidized 23°33.62 69°55.31 0.00591 0.000108 273.5/11.3
RF04 Limestone/oxidized 23°34.30 69°54.23 0.0178 0.000193 331.1/24
Caracoles Group (Jurassic)
CGO1 Siltstone/oxidized 23°19.60 69°16.70 0.0366 0.000167 246.4/34.3
CG02 Limestone 23°5.51 69°2.47 0.000889 8.98¢—05 243/4
Paradero del Desierto Formation (mid-Cretaceous)

PDO1 Lava flow 23°16.48 69°41.54 0.136 0.00299 100/30
PDO02 Lava flow 23°16.29 69°41.75 0.561 0.00127 100/30
PDO03 Lava flow 23°16.34 69°41.10 0.569 0.0329 100/30
PD04 Ignimbritic flow 23°16.24 69°40.74 0.121 0.00111 100/30
PDO05 Dyke 23°14.38 69°39.36 0.472 0.00463 Subvert.
PDO06 Lava flow 23°42 .45 69°38.13 0.133 0.01 250/40
PDO7 Lava flow 23°42.84 69°37.49 0.154 0.00171 259.6/36.8
PDO8 Lava flow 23°21.62 69°40.51 0.0952 0.000407 Subhoriz.
PD09 Lava flow 23°11.95 69°34.58 0.924 0.0127 Subhoriz.
PDI0 Lava flow 23°12.44 69°33.91 0.175 0.0285 Subhoriz.
PDI11 Ignimbritic flow 23°21.41 69°40.96 0.379 0.000944 Subhoriz.
PDI12 Dyke 23°20.28 69°45.95 0.184 0.0278 145/16
PDI13 Lava flow/oxidized 23°20.52 69°46.22 0.0446 0.000329 145/16
PD14 Limestone/oxidized 23°20.23 69°46.57 0.00795 0.000109 138/17
PD15 Lava flow/oxidized 23°20.20 69°46.57 0.0705 0.000595 155/32
PDI6 Lava flow/oxidized 23°20.20 69°46.57 0.0546 0.000853 155/32
PD18 Sandstone/breccias 23°30.41 69°49.99 0.0175 0.0004 40/30
PD19 Lava flow 23°30.52 69°49.98 0.033 0.000405 40/30
PD20 Lava flow 23°26.01 69°47.60 0.38 0.00803 327/17
PD21 Lava flow 23°24.05 69°44.48 0.754 0.0256 Subhoriz.
PD22 Lava flow 23°24.06 69°44.78 0.0211 6.39¢—05 Subhoriz.
PD23 Lava flow 23°24.45 69°45.05 1.11 0.0251 Subhoriz.
PD24 Lava flow 23°24.67 69°43.45 0.275 0.00132 180/10
PD25 Lava flow 23°24.59 69°44.73 0.54 0.0186 Subhoriz.
PD26 Lava flow 23°24.79 69°46.15 1.77 0.0204 45/5
PD27 Lava flow 23°24.74 69°47.14 0.27 0.0295 45/5
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Table 1. (continued)

Site Lithology Latitude (°S) Longitude (°W) NRM (A/m) K (SI) Strike/Dip

Quebrada Mala Formation (Late Cretaceous)
QMO1 Ignimbritic flow 23°39.57 69°37.87 0.0229 0.000138 76.7/43.1
QMO02 Ignimbritic flow 23°39.49 69°38.15 0.631 0.000295 27.2/32.8
QMO03 Lava flow 23°4.093 69°15.17 1.45 0.0162 204/63.8
QMo04 Lava flow 23°15.25 69°30.89 0.175 0.00136 Subhoriz.
QMO5 Lava flow 23°15.02 69°31.43 0.0424 0.00051 222/12
QMO06 Ignimbritic flow 23°15.02 69°31.43 0.0318 1.36e—05 222/12
QMO07 Lava flow 23°15.69 69°30.33 0.507 0.0127 Subhoriz.
QMO8 Ignimbritic flow 23°14.26 69°22.06 0.112 0.00548 216.6/82.6
QM09 Ignimbritic flow 23°14.26 69°22.06 0.256 0.000425 216.6/82.6
QM10 Ignimbritic flow 23°14.26 69°22.06 0.0947 0.0193 216.6/82.6
QMI11 Ignimbritic flow 23°14.25 69°22.07 0.343 0.0187 216.6/82.6
QM12 Ignimbritic flow 23°4.57 69°14.28 0.134 0.000304 184.4/87
QM13 Ignimbritic flow 23°4.26 69°14.80 0.265 0.000939 211/74
QM14 Ignimbritic flow 23°4.26 69°14.80 0.0862 0.00047 211/74
QM15 Ignimbritic flow 23°4.26 69°14.80 0.322 0.00129 211/74
QM16 Ignimbritic flow 23°4.26 69°14.80 0.0347 0.000315 211/74
QM17 Tuffaceous sediments 23°25.26 69°33.69 0.455 0.000906 210.8/10
Late Cretaceous intrusives
LCO1 Diorite 23°7.915 69°9.984 0.0295 0.00506
LC02 Diorite 23°16.32 69°10.77 0.63 0.00607
LC03 Diorite 23°28.17 69°33.32 1.17 0.0179
LCo04 Diorite 23°7.983 69°9.865 0.488 0.0166
Cinchado Formation (Paleocene)
CFO01 Lava flow 23°7.915 69°9.984 0.275 0.0431 Subhoriz.
CF02 Lava flow 23°12.68 69°9.256 0.137 0.00862 205.7/25.3
CF03 Lava flow 23°13.64 69°6.112 1.24 0.00287 Subhoriz.
CF04 Lava flow/oxidized 23°11.61 69°4.252 1.2 0.0074 156/25
CF05 Ignimbritic flow 23°16.23 69°11.59 0.21 0.00163 240.6/60
CF06 Ignimbritic flow 23°27.96 69°15.15 0.134 0.00186 150.2/41.5
CF07 Ignimbritic flow 23°26.37 69°17.78 0.194 0.00265 148.8/14.6
CFO08 Tuffaceous sediments 23°26.67 69°18.10 0.0614 8.57e—05 80/20
CF09 Ignimbritic flow 23°27.04 69°18.06 0.0068 6.13e—05 20/15
CF10 Lava flow 23°24.89 69°13.12 4.72 0.00693 110.4/27.4
CF11 Ignimbritic flow 23°22.43 69°11.46 0.259 0.0129 160/70
CF12 Lava flow 23°23.17 69°12.30 1.23 0.00116 110/15
CF13 Ignimbritic flow 23°19.28 69°12.75 0.621 0.00137 129.3/24.2
CF14 Tuffaceous sediments 23°19.02 69°10.09 1.49 0.000306 145/40
CF15 Lava flow 23°11.37 69°2.352 0.132 0.0224 180/20
CF16 Lava flow 23°5.66 69°2.40 2.0 0.0297 Subhoriz.
CF17 Lava flow 22°58.46 69°4.614 1.34 0.000157 165/15
CF18 Lava flow 22°58.24 69°4.274 0.0779 0.00117 150/30
Eocene intrusive
EIO1 Diorite 23°9.646 69°8.385 0.519 0.0278
Cerro Casado Formation (Eocene)
CCo1 Ignimbritic flow 23°29.95 69°12.52 2.64 0.0108 Subhoriz.
Tambores Formation or Atacama gravels (Miocene)
TFO1 Sandstone 23°21.41 69°40.91 0.0744 0.00302 Subhoriz.
El Loa Formation (Oligocene—Miocene)
LFO1 Siltstones 21°37.59 69°32.57 0.0337 0.00198 Subhoriz.
Sifon ignimbrite (Miocene)

S101 Ignimbritic flow 22°56.89 68°26.66 0.193 0.00772 Subhoriz.
S102 Ignimbritic flow 22°53.45 69°1.111 0.313 0.00115 Subhoriz.
S103 Ignimbritic flow 22°56.44 68°58.34 0.0493 0.00266 Subhoriz.

Sites coordinates, NRM: Geometric mean intensity of remanent magnetization. K: Geometric mean susceptibility. Strike and dip: Bedding attitude

parameters.

ASC Scientific furnace where the residual field was less
than 10 nT. Magnetic susceptibility was measured after
cach thermal demagnetization step, in order to check
magnetic mineralogical changes upon heating. To better
investigate the origin of the remanent magnetization,
stepwise alternating field (AF) demagnetization using the
Molspin AF instrument was also performed on some

samples. AF demagnetization was preferred to thermal,
only where there was evidence of remagnetization by
lightning. Magnetization directions were determined with
“least squares lines and planes” programs according to
Kirschvink [1980]. Evidence for secondary overprint due
to lightning was found at a few sites in volcanic rocks.
Statistics combining directions and planes [McFadden and
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McElhinny, 1988] were used to determine the mean
characteristic directions for such sites.

3.3. Reference Poles

[22] The motion of South America since the early Mes-
ozoic has been mostly an E-W displacement with successive
small clockwise or counterclockwise rotations. This behav-
ior leads to an APWP positioned close to the present-day
geographic axis. Except for the Early Cretaceous (Parana
Volcanics) [Ernesto et al., 1990; Raposo and Ernesto, 1995]
very precise paleomagnetic reference poles are lacking for
the South American plate.

[23] Roperch and Carlier [1992] suggested that the best
approach for a South American reference curve was to
transfer the master curve defined by Besse and Courtillot
[1991] to the South American plate. Beck [1999] criticized
this approach and suggested that the APWP variations are
small enough for a single pole to be calculated for the whole
Mesozoic. Lamb and Randall [2001] developed a technique
allowing paleomagnetic poles to be calculated from a
mixture of declination and inclination data drawn from
localities in stable South America and in the Andes. Lamb
and Randall [2001] also attempted to correct for compac-
tion in sedimentary rocks. The APWP obtained following
this interesting approach is not significantly different from
the one given by Roperch and Carlier [1992] and this
demonstrates that an APWP for South America can be
determined. Besse and Courtillot [2002] have updated
several APWPs for most continents. We believe that their
new SA APWP (hereafter labeled BCO1) is the most reliable
APWP and that it should henceforth be used to calculate
tectonic rotations. Because of the age uncertainties of the
rock formation, we will use the BCOl APWP calculated
through a 20 Ma running window.

[24] The lack of geological evidence for large latitudinal
displacements in the Andes suggests that our study area has
been more or less (within 1°) stable in latitude relative to
South America. Comparison of the observed inclinations, in
volcanic rocks and remagnetized units (see below), with the
expected inclination calculated from the BCOl APWP
confirms that no significant latitudinal displacements can
be demonstrated.

4. Magnetic Properties and Characteristic
Directions

[25] For most samples, except from Jurassic rocks, inter-
pretation of demagnetization data was straightforward and
the primary or secondary origin of the characteristic rema-
nent magnetization (ChRM) was well defined for each site.
Mostly, the Fisher concentration parameter is higher than
100 and the 95% confidence angle is lower than 5°. The
magnetic properties are mainly deduced from progressive
thermal or alternating field demagnetizations and measure-
ments of magnetic susceptibility after each step of thermal
treatment.

[26] As shown in Table 1, there is a large dispersion in the
site-mean values of magnetic susceptibility and intensity of
natural remanent magnetization (NRM). NRM intensities
are between 0.0008 and 6 A/m while volume magnetic
susceptibility varies between 0.00001 and 0.1 SI. These
large variations are correlated to changes in lithology.
Magnetite and maghemite are the main magnetic carriers
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of the NRM for sites where magnetic susceptibility is higher
than 0.005 SI. Usually, hematite is the main magnetic carrier
of the NRM for the highly oxidized rocks. This is especially
so for some ignimbrites where oxidation probably occurred
during emplacement. At a few localities, field evidence for a
late phase of oxidation corroborates paleomagnetic evidence
for remagnetization.

4.1. La Negra Formation: Coastal Area

[27] Magnetic susceptibility is mostly high to very high
(up to 0.1 SI, Table 1), especially in the Tocopilla area
where the Jurassic volcanics are characteristically rich in
magnetite. Multidomain magnetite and maghemite are often
the main magnetic carriers and secondary magnetizations
are widespread. 108 samples were subjected to low temper-
ature demagnetization by cooling in zero field down to
liquid nitrogen temperature. This process was efficient in
removing part of the secondary overprint associated with
multidomain magnetite.

[28] In the Antofagasta area, where low-grade metamor-
phism is important, normal and reverse polarity magnet-
izations are often found within the same flow. However, at
some sites, samples from the interior part of the lava record
a well-defined magnetization, unblocking temperatures
being higher than 500°C. In contrast, the brecciated and
vesicular part of the lava yield a more complex record of
remanent magnetization (Figures 6a and 6b, site LN18).

[20] At some sites, apparent antiparallel magnetizations
are observed without clear evidence of significant differ-
ences in secondary mineral assemblages (Figures 6¢c—6e,
site LN25). As the volcanics near Antofagasta have the
same bedding attitude toward the west, it is not possible to
perform a true fold test. The fact that the in situ ChRM
directions carried by samples showing low temperature
alteration is closer to the tilt-corrected directions of the
unaltered samples is an indication that low temperature
metamorphism in these rocks is probably later than tilting.
Dikes intruding Upper Jurassic plutons in the same area are
vertical. This indicates that the plutons, which are younger
than La Negra volcanics, are not tilted and could have
remagnetized the volcanics after the deformation. Because it
is uncertain whether or not a tilt correction should be
applied to the secondary magnetization, we will not con-
sider these magnetizations as valid for tectonic purposes.

[30] Two sites were drilled in the upper level of the
volcanic pile, one in a red rhyolite overlain by a welded
ignimbrite (sites LN21 and LN22, Table 1). In contrast to
the magnetic behavior of most of the andesitic lavas of the
La Negra Formation, these rocks are highly oxidized and
the ChRM is carried by hematite. However, the two
successive units show opposite polarities, indicating that
oxidation is of primary origin.

[31] The between-site dispersion is high, suggesting high
secular variation of the Earth’s magnetic field during the
Jurassic (Figure 6f). Dispersion decreases slightly upon tilt
correction. The mean direction (Table 2) is similar to the
expected direction calculated with the 180 Ma pole of the
BCO01 APWP.

4.2. Rencoret Formation: Central Valley

[32] Samples from oxidized Lower Jurassic limestones
(Rencoret locality (RF01-04)) from the Central Valley of the
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Figure 6. Orthogonal projections (in situ) of thermal demagnetization diagrams for samples in volcanic
rocks of La Negra Formation. The reverse component of magnetization with high unblocking
temperature observed in sample LN1809B cannot be isolated in the more intensely altered sample
LN1801A from the same flow LN18. Both normal (c) and reverse (d) magnetizations are found within
the same flow (LN25). (e) In equal-area projection of the demagnetization data for all samples of this
site, we can observe antipodal magnetizations. Solid (open) circles correspond to projection into the
horizontal (vertical) plane. (f') Equal-area projection of site-mean characteristic directions in tilt corrected
coordinates from La Negra Formation (Table 2). The stars with the 95% error angle of confidence
indicate the expected direction calculated from the BCO1 APWP.
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Table 2. Paleomagnetic Results
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Table 2. (continued)

In situ Tilt corrected In situ Tilt corrected
Site N/n Dec Inc 95 k Dec Inc  Locality Site N/n Dec Inc 95 k Dec Inc  Locality
Jurassic: La Negra Formation QMI12 88 3381 —17.3 3.1 329 222 =260 9
Tocopilla QMI3  9/9 3372 —199 2.7 372 437 554 9
LNO1 14/14 19.6 —292 43 88 0.8 —343 15 QMI14 6/6 3065 —182 3.7 325 589 —842 9
LNO02 10/11 2163 237 63 62  200.0 38.0 15 QMI15 88 3148 -—21.7 34 273 585 757 9
LNO3 7/7  206.5 51.1 45 193 1656 542 15 QMI6 88 3331 —-38 42 173 139 -564 9
LNO5 8/9 1954 71.1 8.7 41 1286 594 15 mean  18/18 350.1 —-26.6 16.5 5
LNO6 11/11 203.1 —-9.1 3.0 239 2046 29 15 9.5 14 15.6 —=51.9
LNO07 6/9 1940 —-47 94 63 1946 2.6 15
LNO8 7/10  202.6 32.7 8.4 59 180.8 38.7 15 Paleocene: Cinchado Formation and related intrusives
LNI12 9/9 229.1 432 6.6 75 195.8  60.0 15 CF04 4/4 2169 662 4.1 501 2302 428 10
Antofagasta CF15 6/7 208.2 49.1 2.8 987 2232 36.8 10
LNI8 8/12 149.1 48.6 44 174 202.0 532 16 CF02 5/5 1948 385 120 175 2156 384 11
LNI9 9/11 1441 230 8.1 46 1664 347 16 LCO1 8/9 207.6 512 10.1 34 2076 512 11
LN21 9/9 3417 -344 23 496 102 337 16 LCo4 &/10 293 -—-523 57 100 293 —523 11
LN22 6/6  179.3 33.2 6 719 2006 223 16 EIO1 6/8 2002 377 11.1 40 2002 37.7 11
LN23 5/7 3437 =253 82 100 29 238 16 CF06 9/9 148 —-722 6.2 70 439 346 12
LN26 13/13 1319 538 45 95 2263 684 16 CF07 5/5 455 —564 39 376 48.6 —42.0 12
LN27 10/10 1692 412 6.5 64 203.6 373 16 CF08 7/9 350 513 3.6 275 226 —358 12
LN28* 11/11 89.7 667 3.0 252 293.1 675 16 CF09 5/7 36.8 —40.0 113 47 237 —43.1 12
mean  15/16 39 —-364 153 7 CF10 6/7 2297 627 53 173 2162 374 12
mean  15/16 120 11 9.1 —39.2 CF12  10/10 230.0 746 2.8 308 2150 60.8 12
CF13 6/8 2174 557 44 230 217.6 31.5 12
Early Jurassic: Rencoret Formation CCO1 5/5 248 —46.1 81 104 248 —46.1 12
RFOI  10/10 248 —47.8 24 405 542 —642 1 CF05 6/11 0.7 255 11.1 37 1.9 -29.1 13
RF02 8/8 333 —448 34 273 444 —69.1 1 LC02 4/6 1815 40.6 85 117 181.5 40.6 13
RF03  10/10 313 —50.1 5.3 85 CF17 6/6 198.8 533 43 248 211.8 435 14
10.1 24 19 —58.4 1 CF18 5/7 1935 67.1 5.5 298 217.8 4l1.6 14
RF04 12/16 329 —40.6 1.7 646 151 —60.1 1 CF16 9/10 153 —=51.0 7.1 64 153  =51.0
mean 307 -—-459 56 270 mean 19/19 245 —513 94 14
11.2 68 313 —63.9 5.4 39 29.8 —42.7
Mid-Cretaceous: Paradero del Desierto Formation Oligocene—Miocene Tambores Formation
PDI8 9/12 53.0 —-476 75 48 20.1 —45.6 1 TFO1 9 178.7  33.1 nd nd 1787 33.1
PD19 77 574 —429 57 114 278 —444 1
PD20 9/9 64.0 -—36.7 2.0 702 664 535 2 Oligocene—Miocene El Loa Formation
PD21 9/10 474 —451 59 76 474 —45.1 2 LFO1 17/21 3527 =255 59 378 3527 =255
PD22 10/10 259 -—21.7 43 128 259 —21.7 2
PD23  10/10 40.6 —-51.5 2.1 536 406 —515 2 Jurassic: Caracoles Group
PD24 11/11 235 —492 3.6 166 329 —445 2 CGO1 7/8 442 =242 7.0 80 62.5 314
PD25 13/13 399 -50.8 5.4 59 399 —50.8 2 CG02 9/13 102 —445 8.6 37 12.8 —47.6
PD26 9/9 654 —46.8 43 146 602 —484 2
PD27 71 59.0 —-33.6 8.0 57 55.7 =347 2 Sifon ignimbrite
PDO08 6/7 344 388 3.5 363 344 388 3 SI101 10/10 3583 17.7 29 286 3583 177
PDI11 9/9 542 —48.0 2.1 588 542 —48.0 3 S102 7/11 6.8 358 63 106 6.8 35.8
PDI12 8/8 413 —499 28 431 443 347 3 SI103 9/12 3.8 356 162 13 3.8 35.6
PDI3 1010 374 —61.0 23 452 429 459 3 N/n: Number of samples used in the calculation of the mean direction/
PD14 4/5 549 578 59 330 529 —40.6 3 number of demagnetized samples. Dec, Inc: Mean declination and
PDIS 1519 532 —618 18 465 585 -—303 3 inclination in situ and after tilt correction. a95: Semiangle of 95% of
PDI6  13/13 455 —683 22 371 560 373 3 confidence. k: Fisher’s precision parameter.
PDO1 8/8 689 -767 21 699 285 516 4 "Rejected from the mean calculation.
PD02 9/9 60.6 —769 1.5 1127 260 —50.5 4
PDO3 9/10 478 —-629 29 313 302 —36.2 4
PD04 8/9 882 =759 37 226 343 —54.6 4
ﬁggs 2222 ig:z _;gg z:‘? 22358 307 =365 4 Antofagasta region, show a well-defined single vector
50 40 422 —44.6 (ChRM) direction observed during thermal demagnetization

Late Cretaceous: Quebrada Mala Formation and related intrusives

QMO1  6/7 473 =558 11.6 34 19.1 =247 5
QMO02 9/12 513 —419 59 78 18.3  —46.7 5
QM17  6/6 30 558 56 144 178 =593 6
LCo03 717 282 =545 51 161 282 545 6
QMO04 9/12 2239 50.1 5.8 80 2239 50.1 7
QMO5  7/10 182 11.4 44 219 1845 187 7
QMO6  9/9 181.0 184 99 28  184.7 257 7
QMO7 11/12 139 —454 3.1 233 139 —454 7
QMO8  5/5 3264 2.1 6.1 156 227 —69.6 8
QM09  9/9 3493 164 41 160 69 —415 8
QMI10 5/5 3341 216 54 202 349.0 -504 8
QMI1  6/8 3305 245 40 356 3420 -505 8
QMO03  5/5 3075 -21.0 58 172 46 —76.1 9

in the temperature range 150—500°C (Figure 7). Although
most of the magnetization is unblocked at temperatures
lower than 550°C, low values of magnetic susceptibility
(Table 1) and IRM acquisition suggest that magnetite is not
plentiful in these rocks. For most samples, alternating field
demagnetization up to 100 mT was inefficient in removing
the characteristic magnetization. Hematite is thus the likely
magnetic carrier of the ChRM.

[33] The characteristic directions are well grouped in in
situ coordinates and show an increase in dispersion upon tilt
correction (Table 2 and Figure 7¢). That magnetic polarity is
normal and especially that nearby volcanics belong to the
mid-Cretaceous Paradero del Desierto Formation suggest
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Jurassic limestones. (a) Normalized isothermal

remanent magnetizations (IRM) for three samples of three different sites show the existence of a high
coercivity mineral. (b) Variation of the intensity of the NRM during thermal demagnetization for 6

samples of site RF02 demonstrate that the ChRM

has unblocking temperatures between 150°C and

500°C. (¢ and d) Orthogonal projections (in situ) of thermal demagnetization diagrams. (e) Equal-area
projection of site-mean characteristic directions in in-situ coordinates from Rencoret Formation (Table 2).

that remagnetization was acquired during emplacement of
the Paradero del Desierto volcanics.

4.3. Paradero del Desierto Formation: Central Valley

4.3.1. Remagnetization
[34] East of Baquedano (sites PD13—PD16), a remagne-
tization is observed at 4 sites with different lithologies

(PD13—PD16). These sites are a few hundred meters apart.
In all samples a ChRM of normal polarity was observed in
the temperature range 150-450°C (Figure 8). However,
some samples yielded a reverse polarity component in a
limited temperature range (470—610°C). In several samples,
a normal polarity component of magnetization, similar to
the one observed in the low unblocking temperature range,
was observed above 610°C.
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Figure 8. Orthogonal projections (tilt corrected) of thermal or AF demagnetization diagrams for
remagnetized samples of Paradero del Desierto Formation. Normalized IRM acquisition and variation of
intensity of the remanent magnetization during AF demagnetization (bottom right side). A normal
component of magnetization (comp. B) is observed in the temperature range 150—400°C and at high
temperatures above 650°C while a reverse component of magnetization (comp. A) is likely carried by

magnetite.

[35] There is no evidence for low-grade metamorphism in
these rocks but oxidation is widespread. Site PD14 is in
lacustrine limestone with fractures filled by hematitic
cement. IRM acquisition confirms the existence of hematite
but the unblocking temperatures of the characteristic mag-
netization are widely distributed from 150°C up to 670°C.

[36] The remagnetized component with unblocking tem-
perature higher than 620°C is carried by hematite, in agree-
ment with the IRM acquisition curve (Figure 8). The magnetic
carrier of the remagnetization in the temperature range 150—
450°C is not well identified. This magnetization (150—
450°C) is also partially demagnetized by AF and the carrier
could be substituted stable maghemite. We did not encounter
this remagnetization in the other sites sampled about 10 km

further south. Thus this remagnetization is probably of local
rather than regional extent. The steep inclination observed in
in situ coordinates (—68° at site PD16) suggests that the
remagnetization predates tilting in this area.
4.3.2. Primary Magnetizations

[37] For some sites in Cretaceous units (Paradero del
Desierto Formation), a large decrease in susceptibility was
observed during thermal demagnetization in the temperature
range 250-350°C (Figures 9a and 9b). We attribute this
behavior to the instability of maghemite during heating. In
most cases, this magnetic phase does not carry a significant
remanent magnetization (for example sample PD2105A in
Figure 9d). The ChRM was easily recovered at higher
temperatures and generally thermal demagnetization proved
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Figure 9. (a) Evidence for maghemite during K-T experi-
ment for one sample of site PD26. During cooling, only
magnetite can be identified. Measurements of magnetic
susceptibility after each step of thermal demagnetization (b)
demonstrate the destruction of a magnetic phase. This
behavior is especially well defined for sample PD2105A in
the temperature range 250—350°C. (c) The NRM is however
not significantly destroyed during demagnetization below
350°C in contrast with the behavior of all samples from site
PD26. (d) and (e) Orthogonal diagrams of thermal
demagnetization showing well-defined univectorial ChRM.
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to be more efficient in isolating ChRM than AF demagnet-
ization. At one site (PD26), about 80% of the characteristic
magnetization were unblocked at temperatures lower than
300°C (Figure 9c). Thermomagnetic experiments suggest
that the low unblocking magnetic phase is maghemite.
Although further magnetic studies are necessary to under-
stand the effect of maghemitization in this site, the magnet-
ization carried by the low temperature magnetic carrier is
identical to the magnetization with unblocking temperature
above 400°C. This well-defined ChRM (Figure 9e) is
unambiguously different from the present-day field and is
relevant to our tectonic study and likely pretectonic.

[38] At the other sites, most of the samples show uni-
vectorial (single vector) ChRM directions pointing to the

N b) NRM
a) E
520° 20 & 5mT
T 30
565610
40
N : 660
PD2210A Down O-1A/M
PD2008B
1 PD2512B PD1104A
PD2008A
c)
100 500 10000 mT

d)

o+ o+t

Figure 10. Orthogonal projections (in situ) of thermal (a)
or AF (b) demagnetizations for samples of Paradero del
Desierto Formation. (c) Normalized isothermal remanent
magnetization (IRM). (d) Equal-area projection of site-mean
characteristic directions in tilt corrected coordinates from
Paradero del Desierto Formation. Same conventions as in
Figure 6.
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Figure 11.

(a and b) Orthogonal projections (in situ) of thermal demagnetizations for samples of

Quebrada Mala Formation. (c) Normalized isothermal remanent magnetization (IRM). (d) Equal-area
projection of site-mean characteristic directions in tilt corrected coordinates from Quebrada Mala

Formation.

origin during demagnetization (Figures 10a and 10b). Hem-
atite and magnetite, in agreement with the IRM acquisition
curve (Figures 10a and 10c) carry ChRM directions with
unblocking temperatures up to 650°C.

[39] The ChRM directions were determined by least
squares fit through the origin using demagnetization data
in the temperature range 260—670°C.

[40] There is a slight decrease in dispersion upon tilt
correction in the sites from Paradero del Desierto Forma-
tion, especially for the inclination (Figure 10d). The
characteristic magnetization has a normal polarity in agree-
ment with radiometric dating (unpublished data, SERNA-
GEOMIN Chile) suggesting that most of these volcanic
rocks were emplaced during the long normal Cretaceous
superchron.

[41] Sites (PD13—PD16) whose ChRM correspond to a
remagnetization have high inclination in in situ coordinates
(Table 2) and we believe that the magnetization is pretec-
tonic. These results are included in the mean calculation for
the Formation. Dispersion is relatively low (Figure 10d),
especially for the inclination, supporting the hypothesis that
secular variation of the geomagnetic field was lower during
the Cretaceous long normal period [McFadden et al., 1991;
Cronin et al., 2001]. The large deviations of the declinations
from the expected direction provide evidence for large
tectonic rotations.

4.4. Quebrada Mala Formation

[42] Most of the samples have univectorial ChRM direc-
tions (Figures 1la and 11b). Hematite and magnetite, in
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agreement with the IRM acquisition curve (Figure 11) carry
ChRM directions with unblocking temperatures up to
650°C.

[43] The ChRM directions were determined by least
squares fit through the origin using demagnetization data
in the temperature range 260—670°C.

[44] In most of volcanic rocks from Quebrada Mala
Formation, the magnetizations are interpreted as primary,
in agreement with the high dispersion of the characteristic
mean-site directions in in situ coordinates (Table 2). Several
sites from the Quebrada Mala Formation were taken from
the Sierra del Buitre area where bedding attitude is often



ETG 10-16

NRM

WhHs++++ + + +

i ol A S N R I

S
Sandstone interbedded in Miocene gravels (site TFO1)

0.01 A/m

Down
LFO102B

ARRIAGADA ET AL.: PALEOGENE CLOCKWISE TECTONIC ROTATIONS

After Demagnetization Stages

N

NRM
5mT10

20 0.01 A/m

LFO112A

Oligo-Miocene El Loa Fm. (site LFO1)

Figure 13. Top: Equal-area projection of NRM for samples of sandstone interbedded in Miocene
gravels (left) and directions observed for 9 samples after each step of thermal demagnetization in the
temperature range 310-640°C. Bottom: Orthogonal projections (in-situ) of thermal and AF
demagnetizations for samples of the El Loa Formation. For sample LF0102B, thermal demagnetization

was applied after AF demagnetization at 55 mT.

steep, in contrast with the gently folded area where we
sampled the Paradero del Desierto volcanics. Sites with
steep magnetic inclinations after bedding correction are in
ignimbrites with steep bedding. However, the bedding
attitude was determined using interbedded sediments and
should not induce inclination errors. Dispersion decreases
strongly upon tilt correction, giving a positive fold test
(Figure 11d).

4.5. Cinchado Formation

[45] Interpretation of the demagnetization diagrams are
in all cases straightforward (Figures 12a—12c). Again
magnetite and hematite are the main magnetic carriers of
the ChRM (Figure 12d). The reverse magnetization
observed in the intrusive rock at site LC02, located nearby
site. CFO5 where bedding dips at 60°, suggests that the
intrusive rocks was not affected by the nearby deformation
or postdates that deformation. In the Cinchado Formation
and related intrusive rocks the observation of normal and
reverse polarity magnetizations is in agreement with an
Early Tertiary age for these rocks (Figure 12e). The
reversal test is statistically positive. Dispersion of paleo-
magnetic directions decreases upon tilt correction but the
fold test is inconclusive because of gentle bedding dips
(Table 2 and Figure 12e). Large deviations of the observed

declinations from the expected declination again are evi-
dence for clockwise rotations.

4.6. Oligocene—Miocene Sedimentary Rocks

[46] In the Antofagasta region, it is very hard to find fine-
grained upper Tertiary sediments. We have collected sam-
ples from one site (TFO1) where semiconsolidated sediments
are interbedded with coarse Atacama gravels (Table 1).
Unfortunately, it was not possible to recognize a well-
defined ChRM for this site. AF demagnetization up to 30
mT removes a secondary overprint. Thermal demagnetiza-
tion following AF cleaning yields ChRM directions grouped
around a reverse polarity direction (Figure 13).

[47] At the intersection of the El Loa River and the
Panamericana road, we have collected 21 samples from
subhorizontal, Cenozoic red siltstones of the El Loa For-
mation (LFO1). These samples were first subjected to AF
demagnetization and then to thermal demagnetization. A
univectorial ChRM direction of normal polarity was
observed during demagnetization up to 560°C (Figure 13).

4.7. Upper Miocene Sifén Ignimbrite

[48] Samples of the upper Miocene Sifén ignimbrite were
collected at 3 sites (Table 1). The unusual positive inclina-
tion (Figure 14) recorded by the Sifon ignimbrite permits
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Figure 14. Equal-area projection of site-mean directions
for sites of the Sifon Ignimbrite [Somoza et al., 1999; this
study].

straightforward paleomagnetic correlation between geo-
graphically dispersed sites. This unit is the most extensive
ignimbrite in the study area of the Antofagasta region. It
results from highly explosive volcanism around 8.3—8.4 Ma
[Naranjo et al., 1994; Somoza et al., 1999; Somoza and
Tomlinson, 2002]. Both AF and thermal demagnetization
were successful in isolating a stable ChRM direction. For
most of the samples the ChRM direction is univectorial.
ChRM were generally demagnetized in the temperature
range 210-660°C, or in the range 5—-40 mT.

5. Tectonic Rotations Within the Antofagasta
Region

[49] Tectonic rotations and inclination anomalies have
been calculated from Mesozoic to Cenozoic units, using
the estimated age of magnetization and the reference poles
provided by Besse and Courtillot [2002]. The site-mean
directions for each locality and the tectonic rotations and
inclination errors are given in Table 3.

[50] Assuming that most sites in a same rock formation
belong to a structural block, for which we can calculate a
mean tectonic rotation (Table 3), we obtain the following
results.

1. Tectonic rotations vary, from almost zero (—2.2 +
13.3°) in the coastal La Negra Volcanics, to 45.6 + 8.1° in
the Paradero del Desierto volcanics.

2. There are no significant inclination errors, suggesting
that changes in latitude cannot be determined paleomagne-
tically.

3. There is no correlation between age of rock formation
and tectonic rotation.

[s1] However, sites from the Paradero del Desierto and
Cinchado formations show greater variations in declination
than in inclination, in contrast to what is expected for the
secular variation of the Earth’s magnetic field at this
latitude. We believe that part of the between-site dispersion
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is due to relative tectonic rotations. Better to understand
spatial variations in tectonic rotations, 16 localities were
defined (Table 3 and Figures 4, 5, and 15). Criteria used in
defining the localities are (1) sites are within a homoge-
neous structural block and (2) the magnetization has the
same age for all the sites within the locality. The number of
sites characterizing the localities is variable and 5 localities
out of 16 are defined with only 2 sites (Figures 4 and 5).

[52] In the locality 1 the in situ ChRM direction found at
these four sites of the Rencoret Formation is similar to the
tilt-corrected direction found at sites PD18 and PD19 of the
Paradero del Desierto Formation located about 10 km to the
NE of the remagnetized area. The mean direction for the
locality corresponds to the four in situ directions in lime-
stone sites and the other two tilt-corrected directions. The
ChRM acquisition age probably reflects the mid-Cretaceous
age of the Paradero del Desierto Formation. A clockwise
rotation of about 32° is inferred for this locality. For local-
ities 2, 3, and 4 the average direction, after tilt correction,
shows large clockwise rotations, from about 37° up to about
50° at two localities. As in locality 1, the inclination error is
small.

[53] At localities 6—9 of the Quebrada Mala Formation
the rotations are not so well defined because of the higher
scatter possibly induced by a poor averaging of secular
variation. However, rotations are again clockwise, varying
from 4.6° to 35.0°.

[s4] Clockwise rotations in the localities 10—14 of the
Cinchado Formation vary from 8.6° up to 53.3°. However,
the smallest rotation is only defined by 2 sites at locality 13.
Rotations are larger than 30° at 4 localities out of 5 within
the Paleocene arc.

[s5s] As discussed before, in the volcanics rocks of the
La Negra Formation (Localities 15 and 16) high secular
variation was inferred from the paleomagnetic data. For
this reason, the tectonic parameters have greater uncer-
tainties than those observed at other localities. It is
however interesting to note that both localities (Tocopilla
and Antofagasta) do not show evidence for significant
rotations.

6. Discussion
6.1. Timing of Rotations

[s6] The Andes of northern Chile have registered several
events of deformation through time since the early Meso-
zoic. The tectonic rotations observed in the Antofagasta
region could be the result of one or several episodes of
deformation.

6.1.1. Maximum Age of Rotations

[57] A close inspection of Table 3 and Figure 15 shows
that whatever the magnetization age or the sequence ages,
rotations in Jurassic and mid-Cretaceous sequences (Ren-
coret and Paradero del Desierto formations) are not system-
atically larger than those in Late Cretaceous—Paleocene
units. This could suggest that no rotations occurred before
Paleocene time. However, Cenozoic and Mesozoic units are
in general not found within the same block because of the
eastward shift with time of the volcanic arc. Thus we cannot
reject the hypothesis that rotations observed in Cretaceous
units occurred prior to the emplacement of the Cinchado
Formation.
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Table 3. Tectonic Rotations
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Lat Long Decl Inc a95 R AR F AF Area Age (Ma)
—222 —70.2 9.1 —39.2 12.0 22 13.3 3.0 11.2 La Negra 180
—233 —69.8 30.7 —45.9 5.6 34.1 8.7 -3.5 8.4 Rencoret 100
—233 —69.8 422 —44.6 5.0 45.6 8.1 -22 8.1 Paradero 100
-23.2 —69.4 15.6 -51.9 9.5 225 13.4 —10.8 9.9 Q. Mala 80
—23.1 —69.2 29.8 —42.7 5.4 36.6 6.4 23 5.1 Cinchado 60
—23.6 —69.8 28.4 —45.6 4.0 31.8 7.5 -2.9 7.7 1 100
—23.5 —69.8 452 —44.6 10.2 48.6 12.9 -2.0 10.8 2 100
—233 —69.8 49.2 -39.7 6.9 52.6 9.3 2.7 9.0 3 100
—232 —69.6 333 —50.2 9.5 36.6 13.3 -79 10.4 4 100
—23.8 —69.6 18.8 —35.7 - 22.1 — 6.8 - 5 80
—235 —69.5 23.3 —57.0 - 30.2 - —15.6 - 6 80
—232 —69.5 14.3 -35.9 24.1 21.2 24.8 5.2 20.3 7 80
—-23.2 —69.4 357.7 —53.8 17.7 4.6 25.3 —12.7 15.5 8 80
—23.1 —69.2 28.2 —63.6 19.3 35.0 38.8 —22.7 16.7 9 80
—232 —69.0 46.5 -39.9 - 533 - 5.2 - 10 60
—23.1 —69.2 28.1 —45.0 10.5 34.9 12.2 0.0 8.9 11 60
—234 —69.2 34.2 —41.7 8.1 41.1 9.1 3.6 7.0 12 60
-232 —69.2 1.7 —34.8 - 8.6 - 10.4 - 13 60
—23.0 —69.0 34.8 —42.6 - 41.6 - 2.3 - 14 60
-222 —70.2 5.6 —383 20.4 —5.7 21.6 3.9 17.3 15 180
—23.7 —70.4 17.3 —45.9 19.9 5.9 23.9 -1.7 16.8 16 180
-23.7 —70.4 9.0 —25.0 7.0 12.4 6.5 114 6.2 N 120
—23.7 —70.4 26.0 —34.0 8.0 294 8.0 2.4 6.9 b 120
—-22.7 —68.3 41.0 —-36.0 9.0 47.8 10.3 4.5 9.7 ¢ 80
—233 —69.7 532 -37.9 8.3 60.1 8.8 7.3 72 a 60
—233 —68.8 59.8 -353 14.9 66.6 - 10.0 - b 60
-232 —68.6 37.0 -39.8 11.7 438 12.5 5.4 9.8 c 60
-232 —68.6 36.6 -39.0 10.6 39.9 12.4 33 11.0 d 100
-232 —68.6 15.6 —41.0 16.7 224 18.6 0.1 14.8 e 80
—23.1 —68.5 7.9 —46.2 20.7 14.7 25.1 -52 17.7 f 80
—23.0 —68.5 19.6 —384 10.5 22.9 12.3 3.7 11.0 g 100
-22.8 —68.2 -3.1 —43.0 12.0 3.7 14.2 -23 11.5 h 80
—22.8 —68.5 12.4 -37.0 15.3 19.2 16.3 3.6 13.8 i 80
-222 —68.2 359.9 -38.9 6.4 2.1 7.0 6.8 5.8 j 20
—224 —68.1 6.2 —38.0 6.7 8.7 7.6 9.1 6.5 k 30
-223 —68.3 314 -36.9 43 34.7 7.3 42 8.0 L 100
—234 —70.1 41.0 —44.8 7.9 43.4 10.4 —6.0 9.4 M 150

Lat—Long: Position of the localities used in the calculation of the tectonic parameters. R+ AR, F+ AF: rotation and flattening parameters and their
associated errors [Demarest, 1983]. Localities 1 —16 [this study]. Localities a—1i [Arriagada et al., 2000]. Localities j (El Loa Fm.), k (San Pedro Fm.), and
L (Purilactis Fm.) [Somoza and Tomlinson, 2002]. Locality M: Mantos Blancos ore body [Zassara et al., 2000]. Age Ma: is the reference pole used to
calculate the rotation [Besse and Courtillot, 2002]. 20 Ma: 84.7°, 133.8°, s = 2.7; 30 Ma: 83.7°, 132.6°, s = 3.8; 60 Ma: 82.9°, 170.4°, a5 = 2.8; 80
Ma: 83.7°, 196.2°, ags = 5.9; 100 Ma: 86.7°, 177.9°, ags = 6.7; 120 Ma: 85.3°, 247.1°, cgs = 2.3; 150 Ma: 87.3°, 232.7°, cgs = 6.2; 180 Ma: 79.4°, 33.9°,

Qg5 = 5.4.
IColoso Area [Tanaka et al., 1988].
®Coloso Area [Turner et al., 1984].
Purilactis Fm. [Hartley et al., 1992].

[s8] If there was only one event of rotation (for all the
area), paleomagnetic results obtained in Paleocene volcanic
rocks of the Cinchado Formation constrain the maximum
possible age of rotation to be Paleocene. This observation is
also supported by results obtained along the eastern border
of the Domeyko Cordillera in Upper Cretaceous—Paleocene
volcanic rocks of the Purilactis Group [Arriagada et al.,
2000]. Further south in the Copiapo—Vallenar area, Gibson
et al. [2001] also found similar large clockwise rotations in
Mesozoic coastal intrusives rocks and in lower Tertiary
volcanic rocks. This observation suggests that most rota-
tions along the Chilean margin could have occurred during
the Early Tertiary.

6.1.2. Minimum Age of Rotation

[59] Unfortunately, most of the Oligocene and Neogene
rocks within our study area are conglomerates, which
are inappropriate for paleomagnetic studies. Our best result
comes from Oligocene to Miocene fine-grained sediments
within the Loa basin (Figure 2) where there is no evi-
dence for clockwise rotation (Table 2). The other evidence

for lack of rotation was obtained within a 2 m thick
sandstone interbedded in Neogene conglomerates but
this result can only be seen as tentative, because of
the poor paleomagnetic data observed for that site. Our
results support the hypothesis of Somoza and Tomlinson
[2002] that the whole areca did not rotate during the
Neogene.

[60] Results of Somoza et al. [1999] come from Miocene
sedimentary rocks from the Calama basin covered by the
Sifén Ignimbrite. The ca. 8 Ma Sifon Ignimbrite [Naranjo
et al., 1994] recorded an anomalous paleomagnetic direc-
tion with a positive inclination probably associated with a
polarity transition or excursion of the geomagnetic field.
Paleomagnetic correlations between different sites are
straightforward because this paleomagnetic direction is
most probably associated with a unique volcanic event.
Paleomagnetic results from several sites in the Siféon
Ignimbrite within the Calama area [Somoza et al., 1999]
show no significant relative rotations between sites. We
took 3 sites in the same Sifén Ignimbrite, two of them
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Figure 15. Tectonic rotations (deviations of arrows from a NS direction) and main structural features
shown by a digital elevation model for the Antofagasta region. Colored circles are showing the age of the

magnetization.

being about 50—80 km to the SW of the area sampled by
Somoza et al. [1999]. Our results for the Sifon Ignimbrite
(sites SI01—SI03, Figure 14) are very close to the direction
determined by Somoza et al. [1999]. No internal block
rotations or deformations occurred in this region of north-
ern Chile since the emplacement of the Siféon Ignimbrite in
the late Miocene.

6.2. Relation Between Tectonic Rotations and Regional
Structural Pattern

[61] The mean rotation for all localities (including those
previously published for the Antofagasta region listed in
Table 3) in Mesozoic and Paleocene rocks is 30.8 + 17.9°,
whereas there is no inclination error (Flattening = 0.6 +
7.6°). As discussed before, the lack of inclination error
demonstrates the accuracy of the reference SA APWP used
to calculate the tectonic parameters. Also, the low standard
deviation associated with inclination error demonstrates that
secular variation is roughly canceled at each locality, despite
the small number of sites at some places. The variation in
magnitude of the rotations from about 0° up to 65° with a
standard deviation of about 18° around the mean is thus
principally due to local tectonic effects.

[62] The variations in the amount of tectonic rotation
indicate that this part of the northern Chilean Andes did not
behave as a single rigid block prior to the Neogene and that
there is a significant component of in situ block rotations.
However, it is not easy to discard the hypothesis that there is

a “hidden” component of regional rotation upon which a
variable local component is superimposed.

[63] Tectonic rotations along the central Andes form a
well-defined pattern of counterclockwise rotations north of
the Arica elbow and clockwise rotations farther south.
Several authors have suggested that the rotations may be
due to oroclinal bending, associated with uplift of the
Altiplano—Puna plateau [Butler et al., 1995; MacFadden
et al., 1995]. Coutand et al. [1999] and Roperch et al.
[2000] have suggested that rotations in the Altiplano—Puna
plateau correlate with the trends of the main tectonic
structures and occurred during the Miocene. Our results
from Cenozoic semiconsolidated sediments and the Mio-
cene Sifon Ignimbrite, are compatible with previous results
from Miocene ignimbrites along the forearc [Roperch et al.,
2000] and from Miocene sediments from the Calama basin
[Somoza et al., 1999; Somoza and Tomlinson, 2002], which
show no evidence of rotation. Therefore, any late Neogene
bending leading to the development of the Bolivian orocline
did not affect the forearc and the formation of the Alti-
plano—Puna plateau during the Neogene cannot be
explained by bending of the whole margin. Instead, we
believe that the forearc could have acted as a translating
rigid block, which indented the Altiplano during Neogene
times without rotating.

[64] A component of oroclinal bending prior to the Neo-
gene possibly occurred in southern Peru [Roperch and
Carlier, 1992; Macedo Sanchez et al., 1992] but a bending
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of the whole Chilean forearc through about 30° seems
unrealistic.

[65] Although further paleomagnetic studies are required,
to better define the timing and the regional extent of tectonic
rotations, the results so far point to a heterogeneous pattern
of rotations, where large values concentrate in small areas.
This contrasts with the idea of a uniform rotation of the
whole northern forearc. According to the plate convergence
vectors published by Pardo-Casas and Molnar [1987],
NNE directed convergence in northern Chile during the
Eocene should result in NS dextral transpression along the
margin. However, field evidence in the Cordillera de
Domeyko is for left-lateral displacements during the Eocene
[Mpodozis et al., 1993; Tomlinson et al., 1994]. To explain
the strike-slip displacements opposite to the sense predicted
by plate convergence models, Arriagada et al. [2000]
suggested that distributed shear was driven by oblique
convergence and that shear traction at the base of the brittle
crust played a major role in driving the rotations [Yariez et
al., 1994; Beck, 1998; Bourne et al., 1998].

[66] Field observations indicate that the strike-slip move-
ments were accompanied by large E-W shortening and
regional uplift leading to a rapid unroofing of the Cordillera
de Domeyko [Alpers and Brimhall, 1988; Maksaev and
Zentilli, 1999]. A secondary component of oblique strike-
slip displacement probably existed in transfer zones, accom-
modating variations in the amount of EW shortening along
the orogen. Within this framework, we suggest that during
the Incaic event, due to differential E-W shortening, major
NNE-NE shear zones developed. Structures like the “Lin-
eamiento Antofagasta—Calama,” Sierra del Buitre Fault, the
NNE-SSW curvature of the Atacama Fault Zone, are likely
manifestations of this event (see Figures 2, 4, 5, and 15).
There is no direct evidence that the postulated major
structure “Lineamiento Antofagasta—Calama” along the
main road between Antofagasta and Calama corresponds
to a major dextral shear zone. However, gravity data [Gotze
and the Migra Group, 1996] suggest that the eastern border
of the Coastal Cordillera is significantly displaced to the
cast, north of the “Lineamiento Antofagasta—Calama.” We
can also observe that the axis of the Cretaceous magmatic
arc is also shifted toward the east near Calama. Dextral
transpression along the ‘“Lineamiento Antofagasta—Cal-
ama” could explain the apparent difference in the location
of the Mesozoic units north and south of this NE oriented
structure and the widespread occurrence of large clockwise
rotations. Our interpretation will require checking by means
of detailed structural studies, notably of fault displacements
and their timing.

7. Conclusions

[67] We have obtained satisfactory paleomagnetic results
from a study of 108 sites from sediments, volcanics and
intrusive rock of Mesozoic to Cenozoic age, in the forearc
of the central Andes in northern Chile.

[68] The average paleomagnetic inclination recorded by
upper Mesozoic and lower Tertiary volcanic rocks from the
study area are in good agreement with the expected incli-
nation determined from the BCOl APWP. These results
indicate that changes in latitude along the Andean forearc
are not significant enough to be determined by paleomag-
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netic techniques. The lack of inclination errors in volcanic
rocks and remagnetized sediments contrasts with the large
inclination shallowing observed in upper Tertiary red beds
from the Altiplano and the Puna [Coutand et al., 1999;
Roperch et al., 1999, 2000]. Paleomagnetic results from the
Andes, where relative latitudinal displacements are small,
demonstrate that inclination shallowing in red beds is strong
and was acquired during deposition and further compaction.

[69] Vertical axis rotations, calculated from paleomag-
netic declinations, are clockwise and up to 65° in the
Antofagasta region. Although the age of the rotations in
this area is difficult to constrain accurately, available
stratigraphic, radiometric and structural data suggest that
deformation and rotations occurred during the Paleogene
and probably during the Incaic orogenic event. No evi-
dence for Neogene tectonic rotation can be found in the
Chilean forearc (in the study area) suggesting that the
development of the Bolivian orocline during the late Neo-
gene and the formation of the Altiplano—Puna plateau
cannot be explained by simple bending of the whole
margin. We believe that the forearc acted as a translating
rigid block during Neogene development of the Altiplano—
Puna plateau.

[70] Traditionally, structural studies in the forearc of
northern Chile have emphasized motions along major N-S
fault systems (i.e., the AFS and the DFS), along which
deformation is assumed to be localized. A major result of
our paleomagnetic study is that widespread tectonic rota-
tions are not closely related to these faults. Instead Paleo-
gene deformation is much more distributed across the
forearc than it was previously thought. Most fold axes and
thrusts are not oriented N-S but are significantly trending to
the NE (for example, Sierra del Buitre fault, Los Toros
fault). We speculate that these structures are indeed rotated.

[71] Large rotations are found not only in our study area
but widely spread along the Andean margin. They are
clockwise along the Ecuadorian margin [Roperch et al.,
1987], the northern Peruvian Andes [Mourier et al., 1988;
Mitouard et al., 1992], the Chilean forearc [Riley et al.,
1993; Randall and Taylor, 1996; Randall et al., 2001; this
study] and counterclockwise in central Peru and southern
Peru [Roperch and Carlier, 1992; Macedo Sanchez et al.,
1992]. Tectonic rotations are indeed one of the principal
structural characteristics of the Early Tertiary evolution of
the Andes.
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Publication : Rotations horaires de bloc le long du bord oriental de la Cordillére de

Domeyko, nord du Chili (22°45°-23°30°S).

Arriagada César, Roperch Pierrick, Mpodozis Constantino

Résumé : Nous apportons de nouveaux résultats paléomagnétiques d’une étude de 38 sites
dans des sédiments rouges et des roches volcaniques du Groupe Purilactis, déposées entre
le Crétacé et Tertiaire Inférieur, qui affleurent le long du bord occidental du bassin du Salar
d’Atacama. Apres une démagnétisation thermique détaillée, les directions caractéristiques
de 32 sites ont été déterminées. Dans la plupart des cas, les sédiments rouges des membres
inférieurs du Groupe Purilactis présentent une magnétisation de polarité normale bien
définie, probablement associé a 1’hématite, formée comme ciment lors de la diagenese. Une
grande diminution dans la dispersion des directions paléomagnétiques, apres la correction
de I’inclinaison, démontre que cette magnétisation est une magnétisation prétectonique.
Nous interprétons la présence dominante de polarité normale comme preuve d’une
acquisition pendant ’anomalie C34 du Crétacé. D’importantes déviations des déclinaisons
magnétiques par rapport a celles attendues pour le continent d’Amérique du Sud suggerent
des rotations horaires associées a la déformation Tertiaire dans la Cordillére de Domeyko.
Ces données suggere que les rotations tectoniques horaires sont 1’'une des caractéristiques
structurelles les plus importantes des Andes Centrales du nord du Chili. Toutefois, cette
¢tude, montre une variation spatiale dans I’ampleur des rotations, avec des rotations
supérieures a 60° dans le secteur de Cerro Totola. Ces rotations se sont simultanément
produites durant une déformation décrochante qui a affecté¢ de grands segments de la
Cordillére de Domeyko pendant I’Eocéne. L’observation systématique de rotations horaires
contemporaines de déplacement senestre dans la Cordillere de Domeyko peuvent é&tre

expliquées par des cisaillements a la base de la crotte fragile.
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Clockwise block rotations along the eastern border of the
Cordillera de Domeyko, Northern Chile (22°45-23°30'S)
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Abstract

We report new paleomagnetic results from a study of 38 sites in Cretaceous to Early Tertiary red beds and volcanic
rocks belonging to the Purilactis Group, which outcrop along the western border of the Salar de Atacama Basin.
After detailed thermal demagnetization, characteristic directions were determined for 32 units. In most cases, red bed
sediments from the lower members of the Purilactis Group have a well-defined normal polarity magnetization probably
carried by hematite forming an early diagenetic cement. A large decrease in the dispersion of the paleomagnetic
directions upon tilt correction demonstrates that this magnetization is a pre-tectonic magnetization. We interpret the
dominant occurrence of the normal polarity direction as evidence for acquisition of the magnetization during the
Cretaceous normal polarity superchron. Large deviations of the paleomagnetic declinations from the expected ones
for stable South America provides new evidence for clockwise tectonic rotations associated with Tertiary deformation
in the Cordillera de Domeyko. These data confirm that clockwise tectonic rotations are one of the most significant
structural characteristics of the north Chilean Andes. This study, however, indicates spatial variation in the magnitude
of the rotation with rotations >60° in the Cerro Totola area. These rotations have occurred in conjunction with
transpressional deformation that affected large tracts of the Cordillera de Domeyko during Eocene deformation. The
systematic observation of clockwise rotations contemporaneous with sinistral displacements in the Cordillera de
Domeyko can be explained by shear-traction at the base of the brittle crust. © 2000 Elsevier Science B.V. All
rights reserved.

Keywords: Salar de Atacame; paleomagnetism; tectonic rotations; Central Andes

1. Introduction

Several paleomagnetic studies demonstrate that
tectonic rotation is one of the major characteristics
of the structural evolution of the Central Andes.
Counterclockwise rotations with respect to stable
South America are found along the Peruvian
margin (Heki et al., 1984, 1985; May and Butler,

* Corresponding author.
E-mail address. carriaga@quad.dgl.uchile.cl

1985; Roperch and Carlier, 1992) while clockwise
rotations characterize the Chilean margin
(Forsythe et al., 1987; Hartley et al., 1992b; Riley
et al., 1993; Roperch et al., 1997).

The origin of these rotations is, however, still a
matter of debate (see recent review by Beck, 1998).
In most of the published studies, the lack of
structural control and geographically restricted
paleomagnetic sampling (few sites) impede a clear
understanding of the age of the rotation and the
size of the rotating blocks. Until now, rotations

0040-1951/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

PII: S0040-1951(00)00151-7



154 C. Arriagada et al. | Tectonophysics 326 (2000) 153-171

within the Chilean forearc have been attributed to
deformation along the Atacama Fault System
during the Early Cretaceous (Forsythe and
Chisholm, 1994), the late Cretaceous Central
Valley Fault Zone (Randall et al., 1996; Taylor
et al., 1998), oroclinal bending of the whole Andes
(Heki et al., 1985; Isacks, 1988) or in situ block
rotations in response to oblique convergence (Beck
et al., 1986).

In this study, we report detailed paleomagnetic
results from 38 sites collected along the castern
border of the Cordillera de Domeyko, west of the
Salar de Atacama, in northern Chile (Figs. 1 and
2). In situ clockwise block rotations have been
proposed to explain the complex structural pattern
of the region (Mpodozis et al., 1993a,b). The study
area is located at the edge of the Cordillera de
Domeyko along the western border of the Salar
de Atacama Basin (Fig. 1). Preliminary results
from the northern part of the Salar de Atacama
region (Barros Arana Syncline, Hartley et al.,
1992b), indicating clockwise rotations, were inter-
preted as a possible consequence of relative
motions between thrust sheets. Transpressional
deformation played a major role in shaping the
tectonic fabric of the Cordillera de Domeyko.
Multiple episodes of strike—slip displacements,
associated with a complex ‘trench-linked’ fault
system (Domeyko Fault System, DFS, Fig. 1)
occurred along the Cordillera de Domeyko axis
during the Tertiary. Eocene, Oligocene and
Miocene activity, either in sinistral or dextral
mode, have been reported (Maksaev, 1990; Reutter
and Scheuber, 1991; Mpodozis et al., 1993a,b;
Tomlinson and Blanco, 1997).

2. Geological setting
2.1. Stratigraphy

The Cordillera de Domeyko, in the region west
of the Salar de Atacama (Fig. 1), comprises Late
Paleozoic magmatic complexes, including basaltic
to andesitic volcanic rocks, interbedded with lacus-
trine sediments of Late Carboniferous—Early
Permian age (Breitkreutz et al., 1992). They are
associated with large outcrops of high silica rhyo-

litic ignimbrites and domes and granitoid plutons,
which have been dated by K-Ar, Rb/Sr and U-
Pb (zircon) methods. Most of the ages fall in the
range 300-200 Ma (Davidson et al., 1985;
Mpodozis et al., 1993a). A major fault zone (Sierra
de Varas Fault, Fig. 1) forms the western border
of the Cordillera de Domeyko and marks the
contact of the Paleozoic basement with Late
Triassic to Early Cretaceous marine carbonates,
and terrestrial red beds. These sedimentary
sequences are covered by basaltic to rhyolitic vol-
canics of Late Cretaceous to Paleocene age
(Quebrada Mala and Cinchado formations), which
occupy large areas of the Central Depression of
northern Chile (Marinovic et al., 1996).

The eastern border of the Cordillera de
Domeyko coincides with the ‘El Bordo’
Escarpment; a conspicuous 120 km long, NS trend-
ing cliff confining the Salar de Atacama Basin
(Figs.1 and 2). Along the escarpment the
Paleozoic basement lies in fault contact with or is
covered by a 6000 m thick Cretaceous—Oligocene
red-bed sequence (Purilactis Group). To the ecast,
this sequence forms the lower section of the Salar
de Atacama Basin sedimentary fill (Macellari et al.,
1991; Muiioz, et al., 1997).

Numerous authors have described the stratigra-
phy of the Purilactis Group (Briiggen, 1942;
Dingman, 1963; Ramirez and Gardeweg, 1982;
Hartley et al., 1992a; Charrier and Reutter, 1995;
Mpodouzis et al., 1999). The lowermost unit of the
Purilactis Group is the Tonel Formation, a
sequence of fine-grained red sandstones and evapo-
rites (Fig. 2). A faulted (detached) unconformity
marks an upwards transition to the Purilactis
Formation which comprises 2800 m of sandstones,
red mudstones and minor conglomerates deposited
in proximal fluvial, alluvial fan and lacustrine
environments (Hartley et al., 1992a). The Tonel
and Purilactis formations, of probable Early
Cretaceous age, are overlain by a sequence of
proximal alluvial fan coarse-grained conglomer-
ates, with volcanic and granitoid clasts up to 1 m
in diameter. These conglomerates, (Barros Arana
Strata, Fig. 2) cropout at the core of the Barros
Arana Syncline (Fig.2) and attest to a major
change in the sedimentary environment. This
change could be associated with uplift of the
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Fig. 1. (a) Main structural features of the Domeyko Fault System in Northern Chile (from Cornejo et al., 1997, modified). (b)
Schematic morphostructural map of the Cordillera de Domeyko in the area to the west of the Salar de Atacama. C, Cerros de
Chuquicamata; LV, Limoén Verde; Q, Quimal; LM, Los Morros; M, Mariposas; I, Imilac; SC, San Carlos basement blocks.
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Fig. 2. Simplified geological map and stratigraphic section of the El Bordo Escarpment region with indication of paleomagnetic
sampling sites. Lithology is further described in the text. Sites 15" and 20’ correspond to sites CC15 and CC20 listed in Table 1. All
other sites have the header ‘CA’ in Tables 1 and 2.
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adjacent Cordillera de Domeyko during the Late
Cretaceous (Mpodozis et al., 1999).

To the south of Cerro Quimal, (Cerro Totola,
Cerro Negro, Cerro Pintado, Fig.2) an 800 m
thick sequence of basaltic andesitic lava flows,
interbedded with welded rhyolitic ignimbrites and
coarse volcaniclastic sediments (Cerro Totola
strata) rests unconformably over older Cretaceous
units. New K/Ar ages [whole rock, amphibole and
biotite, (Arriagada, 1999)] between 65 and 61 Ma
indicate a Maestrichtian age. The lavas are uncon-
formably overlain by a Paleocene—Eocene clastic
sequence (‘Orange Unit’, Fig. 2) which begins with
400 m of conglomerates, followed by 500 m of
semiconsolidated sandstones alternating with thin
evaporite (gypsum) beds. At least 1000 m of
Eocene (Oligocene?) conglomerates (Loma
Amarilla Strata), overlying the ‘Orange Unit’
(Fig. 2), represents one of the more regionally
important map-scale units of the Purilactis Group.
Internal progressive unconformities occur in the
basal part of the sequence, where very coarse
conglomerates alternate with tuffaceous horizons,
dated (K-Ar, “°Ar/**Ar methods) between 42 and
39Ma (Ramirez and  Gardeweg, 1982;
Hammerschmidt et al., 1992).

2.2. Regional structure

In the area to the west of the Salar de Atacama,
the Cordillera de Domeyko comprises a series of
discrete basement blocks, which are separated by
small, internally draining basins (Salar de Los
Morros, Veroénica Elvira, Fig. 1). The northwest-
ern faces of the rhomboidal southern blocks
(Imilac, San Carlos) are bounded by high-angle
reverse faults, while the northernmost blocks
(Quimal, Los Morros and Mariposas) are limited
to the west and north, by sub-circular, vertical
faults. The sense of asymmetry of large scale
‘sidewall ripouts’ (Swanson, 1989) and displace-
ment of geological contacts indicate left lateral
shear along most of the major fault traces
(Mpodozis et al., 1993a).

Along their eastern edges, the Imilac, Mariposas
and Los Morros basement blocks are thrust over
the Purilactis Group sediments exposed along the
El Bordo Escarpment (Fig. 1). Deformation in the

Purilactis sediments is especially significant when
facing the basement blocks, where the red beds
present isoclinal to chevron folds with subvertical
axial surfaces.

A major change in the structural pattern occurs,
however, from Cerro Totola to Barros Arana
where basement thrusts disappear (Fig.2). They
are replaced by a large, basement-cored, asymmet-
rical, overturned to the east, anticline. Purilactis
Group sediments unconformably overlie the base-
ment along its subvertical eastern limb. A conspic-
uous syncline (Barros Arana-El Bordo Syncline)
which extends for >80 km along the El Bordo
Escarpment between Cerro Totola and Cuesta de
Barros Arana occurs to the east. Fold geometry
changes from tight-chevron in the south, to open-
concentric to the north (cuesta de Barros Arana)
while the trend of its axial surface changes form
N60°E (Cerro Totola) to NNE (Barros Arana).
Secondary west verging, late ‘backtrusts’ tectoni-
cally repeat some of the Purilactis beds in the
western limb of the Barros Arana region (Fig. 2).

Mpodozis et al. (1993a,b) interpreted the struc-
tural geometry of the Cordillera de Domeyko in
the study area as the result of passive northward
transport of rigid upper crustal blocks by left-
lateral shear during the Eocene Incaic deformation.
As they were displaced towards the north, move-
ment of these blocks may have been obstructed by
a physical ‘buttress’ originally thought to be the
Limoén Verde crystalline massif (Fig. 1). However,
new mapping north of Sierra de Limén Verde
led Tomlinson and Blanco (1997) to suggest that
the buttress was actually located north of
Chuquicamata at the Sierra del Medio (Fig. 1)
which underwent E-W shortening contemporane-
ous with the sinistral displacements occurring far-
ther south. According to this model, Mpodozis
et al. (1993a,b) and Yaiez et al. (1994) suggest
that, to overcome the buttress, north directed
displacement was transferred towards the east by
tectonic escape in the direction of the (Atacama)
Purilactis basin. This process may have been asso-
ciated with extension along the trailing (south and
west) edges of the blocks and between the blocks
themselves, and thrusting (and folding) along their
frontal (east) faces. The model, which implies a
significant amount of clockwise in situ block rota-
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tions of the individual crustal blocks, agree with
the theoretical ‘buttress and free face’ case of block
rotations presented by Beck et al. (1993) and Beck
(1998). If true, in this segment of the Cordillera
de Domeyko, at least 30-40 km of Eocene north-
ward displacement could have been compensated
by 10-20% widening of the original surface area
of the Cordillera de Domeyko. The change from
sandstones to coarse grained sediments in the
Purilactis basin (base of the Loma Amarilla Strata)
dated at ca. 44-40 Ma (Ramirez and Gardeweg,
1982, Hammerschmidt et al., 1992), and the 45—
42 Ma K-Ar ages of the bimodal, syntectonic
intrusives and domes of the Cerro Casado complex
in the Quimal block (Mpodozis et al., 1993a),
indicate a Middle to Late Eocene age for the
beginning of strike—slip deformation.

3. Paleomagnetic sampling

A total of 420 paleomagnetic samples were
drilled at 38 sites in the sedimentary sequences,
volcanics and intrusives along El Bordo
Escarpment where the abrupt topography provides
very good outcrops (Fig. 2, Table 1). In the Cerro
Totola area, where sediments are intruded by Late
Cretaceous dykes, we tried to sample whenever
possible, not only the dykes but also the baked
sediments within a few centimeters of the dyke
borders. In contrast, however, with the El Bordo
Escarpment, outcrops of good quality are rare in
the Cordillera de Domeyko. At only one site
(CA06), was it possible to collect a few samples
of red siltstones and a lava flow from a sequence
that we consider equivalent to the Cerro Totola
Strata.

Sites in volcanic rocks include only samples
from a single flow, dyke or ignimbrite. Secular
variation was thus not averaged at these single-
bed sites. In contrast, in sedimentary rocks, sam-
pling included different beds along several meters
of stratigraphic section. In such cases mean-site
paleomagnetic results should average the secular
variation and provide a good estimate of tectonic
rotations at the site. Bedding corrections were
applied to all sedimentary and volcanic sites
(Table 1). Upper units of the Purilactis Group

(Loma Amarilla, Cerro Puntiagudo) did not pro-
vide samples suitable for paleomagnetic study.

4. Paleomagnetic methods

Remanent magnetization was measured with
Molspin or Agico JRSA spinner magnetometers.
Magnetic Susceptibility was measured with a
Bartington susceptibilimeter. Magnetic susceptibil-
ity was also measured after each thermal demagne-
tization step in order to check magnetic
mineralogical changes upon heating. To better
constrain the magnetic mineralogy, isothermal
remanent magnetizations (IRM) acquisition and
variation of the susceptibility during heating (K-
T) were performed for a few samples. IRM were
given with a pulse electro-magnet and K-T experi-
ments were done with the AGICO KLY3-CS3
instrument.

In sedimentary rocks, one specimen per mini-
core was subjected to stepwise thermal demagneti-
zation (10-15 steps) in an ASC furnace where the
residual field was <10 nT. For volcanic rocks, we
used either thermal cleaning or stepwise alternating
field (AF) demagnetization. The magnetization
directions have been determined with “least
squares lines and planes” programs according to
Kirschvink (1980). Evidence for secondary over-
print due to lightning was found at a few sites in
volcanic rocks. In these cases, statistics combining
directions and planes (McFadden and McElhinny,
1988) were used to determine the mean characteris-
tic direction for the site.

5. Magnetic properties

As shown in Fig. 3 and Table 1, there is a large
dispersion in the mean-site values of magnetic
susceptibility and intensity of natural remanent
magnetization. Variation of these magnetic param-
eters was within the expected range for volcanic
rocks, except for the low values found at site
CA23, a sill intruding the Tonel Formation. Such
behavior is likely related to the alteration and
weathering exhibited by the samples collected at
the site.
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Table 1

Location of the paleomagnetic sampling and mean-site magnetic properties®

Site Lithology Unit Longitude Latitude NRM(Am™') K (SI) Strike Dip
CC15 Sandstones, siltstones Orange —68°37.74' —23°32.67 0.0174 0.000409 0 0
CC20 Sill and baked sandstones Lican —68°40.06’ —23°22.25"  0.365 0.0447 11.5 64.1
CC20 Red sandstones Lican —68°40.06’ —23°22.25  0.0305 0.00052 11.5 64.1
CAO03 Andesitics—basaltics lavas Cerro Totola —68°37.396" —23°15.914" 10.3 0.0753 240 65
CA04 Red sandstones Lican —68°40.035"  —23°19.630"  0.00421 0.000378 230 66.2
CAO05 Orange sandstone Orange —68°37.752"  —23°32.312"  0.037 0.00681 2134 47
CA06 Sandstone, basaltic lava Cerro Totola —68°48.841" —23°21.508"  0.00499 0.000135 202 52.3
CAO07 Sill and baked sandstones Lican —68°39.724"  —23°22.375"  0.358 0.0213 31.6 61.6
CAO08 Andesitics—basaltics lavas Cerro Totola —68°38.768°" —23°21.505" 0.237 0.00422 30 25
CA09 Andesitics—basaltics lavas Cerro Totola —68°39.042" —23°22.305" 0.558 0.0505 0 70

CA10 Sandstone red-brown
CAI11l Sandstone red-brown
CA12 Sandstone red-brown
CA13 Dike and baked brown sandstone
CA14 Sandstone red-brown
CA15 Sandstone red-brown
CA16 Dike and baked brown sandstone

CA18 Sandstone red-brown
CA19 Sandstone red-brown Lican

CA20 Andesitic lava Vizcachita
CA21 Sandstone, red siltstone Vizcachita
CA22 Sandstone, red siltstone Vizcachita
CA23 Sill Tonel
CA24 Red siltstone Tonel
CA25 Red siltstone Tonel
CA27 Sandstone red-brown Tonel
CA28 Sill Tonel
CA28 Sandstone red-brown Tonel
CA29 Red siltstone Tonel
CA30 Siltstone, sandstone Tonel
CA31 Siltstone Tonel
CA31 Sill and baked siltstone Tonel

CA32 Sandstone red-brown, sill
CA33 Sandstone red-brown

Limén Verde —68°30.173'
Limo6n Verde —68°30.126
Limén Verde —68°30.043’
Limo6n Verde —68°37.901"
Limén Verde —68°38.101"
Limo6n Verde —68°38.067
Limén Verde —68°38.067
CA17 Dike and baked brown sandstone  Limén Verde —68°32.615’
Limén Verde —68°33.024"
—68°40.866’
—68°21.551"
—68°21.726’
—68°21.099
—68°36.853’
—68°31.458’
—68°31.458’
—68°29.556’
—68°29.804"
—68°29.804"
—68°30.676
—68°29.964"
—68°34.835
—68°34.835
Limén Verde —68°33.273'
Limo6n Verde —68°25.476

—23°2987"  0.0178 0.000375  16.8 57.9
—23°2.976"  0.0417 0.00204 18.5 49.7
—23°2986"  0.0502 0.00432 19 55

—23°14.416"  0.867 0.0434 61.8 539

—23°13.822"  0.0425 0.00646 612 426
—23°13.848"  0.0319 0.0107 70 45
—23°13.848"  7.97 0.0488 40.1 70.1

—23°9.223"  0.227
—23°9.271"  0.0444

0.000675 499 69.3
0.00199 36.5  69.5

—23°20.385"  0.007 0.000462 202.2 68.5
—22°49.054"  0.0767 0.000287 231.4 483
—22°48.578"  0.0072 0.000326 2248 38.4
—22°50.044"  0.00529 0.000148 215.8 36.8
—23°15.615"  0.00118 0.000476 0 90

—23°0.321"  0.0108 0.000145 340.6 42.3
—23°0.321"  0.00953 0.000145 333.6 37

—22°57.996"  0.0162 0.000932 6.7 494
—22°57.964"  0.0465 0.000324 359.5 66.2
—22°57.964"  0.14 0.0363 3425 20.6
—22°58.953"  0.0127 0.000152 3559 379
—22°59.366"  0.0125 0.000245 3559 379
—23°10.216"  0.00843 0.00018 524 56.9
—23°10.216"  0.132 0.0397 524  56.9

—23°9.266"  0.0175
—2242.306 0.00701

0.000632 259 794
0.000425 323 335

CA34 Siltstone and sandstone red-brown Lican —68°39.556" —23°18.964"  0.0204 0.00169 2299 76.8
CA35 Andesitics—basaltics lavas Cerro Totola —68°°39.592" —23°17.568" 1.32 0.0158 240 70

CA36 Ignimbrite Cerro Totola —68°37.465  —23°15.272" 1.63 0.0186 652 724
CA37 Sill Cerro Totola —68°37.465  —23°15.272" 0.182 0.0108 652 724
CA38 Andesitics—basaltics lavas Cerro Totola —68°37.465" —23°15.272" 0.854 0.0382 57.5 66.5

2 NRM is geometric mean intensity of magnetization in A m~!; K is geometric mean susceptibility (SI), strike and dip are bedding

corrections.

The lowest magnetic susceptibility values in
sedimentary rocks were found in the fine red beds
of the Tonel Formation (sites 24, 25, 28, 29, 30,
31). Samples from sediments of the Limoéon Verde
member of the Purilactis Formation (sites 11, 12,
14, 15, 18), present a high magnetic susceptibility
which can be attributed to the presence of detrital

magnetite. Magnetite was indeed observed in these
samples during IRM acquisition and K-T experi-
ments (Figs. 4 and 5). Variation in magnetic sus-
ceptibility between the Tonel Formation and the
overlying members of the Purilactis Formation
suggests a different sedimentary source for both
units. We may also speculate that a lower sedi-
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is often high in samples from the Purilactis Formation.

mentation rate for the Tonel Formation provided
higher oxidation during deposition. Samples with
high magnetic susceptibility show a stronger
secondary magnetic overprint that was mostly
removed during the initial steps of the thermal
demagnetization process.

Intensity of NRM is usually <0.05 Am~"'. The
largest values found at a few sites (CC20, CA17,
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Fig. 4. Isothermal remanent magnetization acquisition for

samples from different sedimentary units of the Purilactis

Group.

CA31) are related to remagnetization by nearby
dyke or sill intrusions.

6. Characteristic directions

Interpretation of demagnetization data for vol-
canic rocks was straightforward in most cases. In
contrast, magnetizations observed in red bed sedi-
ments are more complex and will be described in
more detail.

6.1. El Bordo Escarpment

At most sites sampled along the El Bordo
Escarpment both in sedimentary and volcanic
rocks, it was possible to determine characteristic
magnetizations. Five different types of magnetic
behavior, which correlate with the stratigraphic
position of the sites within the Purilactis Group,
were observed (see below).

6.1.1. Lower Tonel Formation

Samples from the base of the Tonel Formation
show low magnetic susceptibility. High unblocking
temperatures characterize these samples with a
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Fig. 5. Thermomagnetic curves showing a Curie temperature
characteristic of magnetite in samples from the Limén Verde
member of the Purilactis Formation.

well-defined magnetization carried by hematite.
Medium destructive temperatures (MDT) are
>600°C. A univectorial magnetization was
observed during demagnetization up to 680°C
(Fig. 6).

6.1.2. Upper Tonel Formation, Limén Verde and
Lican members of the Purilactis Formation
Thermal demagnetization below 250° was usu-
ally sufficient to remove a soft overprint aligned
with the present geomagnetic field direction. The
relative intensity of this overprint was higher in
samples showing the highest susceptibility (Fig. 6).
Samples drilled in Liméon Verde and Lican mem-
bers show a wide range of unblocking temperatures
for the characteristic magnetization (Fig. 7). For
most samples MDT was in the range 400-500°C
(Fig. 7). The characteristic magnetization is a

NRM E
360
510
N , 670
0.01 A/im Down
CA1012A
E
NRM E NRM
510
600
150 210 660
560
N 870 N 670
0.0t Am DOWN 0 m Down
CA1107A CA2503A

Fig. 6. Typical orthogonal demagnetization diagrams for
samples from sedimentary units (in situ coordinates). A soft
viscous overprint aligned with the present geomagnetic field is
removed during the first step of thermal demagnetization. For
samples from the Limén Verde rock type (samples CA1012A,
1019A and 1107A), the characteristic magnetization of normal
polarity is observed in the temperature range 150-670°C. Only
a few samples show a reverse component of magnetization
above 670°C (sample CA1019A). In contrast, samples from the
base of the Tonel Formation have higher unblocking temper-
atures (sample CA2503A). Open circles correspond to the pro-
jection onto the vertical plane while solid symbols are the
projection onto the horizontal plane. Numbers are temper-
ature in °C.

normal polarity magnetization. Only, in a few
cases, did this characteristic magnetization vector
not go through the origin during the thermal
demagnetization but it was not possible to identify
any other characteristic magnetization. Only at
site CA10, a few samples show a reverse polarity
magnetization above 660°C (Fig. 6). At site CA33,
both polarities (nine samples have the normal
polarity and three reverse polarity) are also present
but in stratigraphic order suggesting a polarity
reversal at the time of deposition. The origin of
the widespread normal polarity magnetization will
be further discussed below.

6.1.3. Vizcachita member

A well-defined characteristic magnetization with
reverse polarity was identified in sedimentary
samples from one site of the Vizcachita member
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Fig. 7. Variation of the intensity of the remanent magnetization during thermal demagnetization (samples from two sites from the
Limoén Verde red beds). Apart from a more or less important decrease in intensity after demagnetization at 150°C, unblocking

temperatures are linearly distributed from 150 to 670°C.

(CA21). This magnetization was found in the
temperature range 150° to 600-640°C while a
poorly defined magnetization with normal polarity
was observed above 640°C (Fig. 8). This magne-
tization with reversed polarity has magnetic char-
acteristics similar to the widespread normal

150

Down 210 Down 210

CA2101A (TC) CA2106A (TC)

Fig. 8. Orthogonal demagnetization diagrams for two samples
from site CA21 (in tilt corrected coordinates). A reverse compo-
nent of magnetization is observed in the temperature range 210-
640°C. A poorly defined magnetization with normal polarity is
observed above 640°C. Open circles correspond to the pro-
jection onto the vertical plane while solid symbols are the pro-
jection onto the horizontal plane.

magnetization found in samples collected from
further south. At site CA22 (Fig. 2), the magne-
tization is not univectorial but, is dominated by
normal polarity component. An overprint, like
that observed at site CA21, was not observed at
this site (CA22).

6.1.4. Cerro Totola and Vizcachita volcanics

South of Cerro Quimal, lava flows and ignim-
brites of the Cerro Totola Strata were sampled at
eight sites (Fig. 2). A volcanic horizon interbedded
in the Vizcachita member was sampled at the
eastern limb of the Barros Arana Syncline
(Quebrada Seilao). In these samples magnetization
is univectorial and goes through the origin during
demagnetization (Fig. 9). At a few sites, secondary
components, with random orientation and high
magnetic intensity, likely to be due to lightning
strikes, were, sometimes, difficult to remove
entirely. In such cases, great circles were used to
determine the mean-site paleomagnetic direction
using the method described by McFadden and
MCcElhinny (1988).

Unblocking temperatures, high susceptibility
values and rock-magnetic experiments indicate that
magnetite is the dominant magnetic carrier in most
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Fig. 9. Typical orthogonal demagnetization diagrams for
samples from volcanic rocks (in tilt corrected coordinates).
Open circles correspond to the projection onto the vertical plane
while solid symbols are the projection onto the horizontal plane.

of these rocks although unblocking temperatures
above 600°C indicate that hematite also carries the
same magnetization. In this case, hematite is likely
to be the oxidation product during emplacement
of the lavas and ignimbrites.

Magnetization was often poor in dykes, especi-
ally in their inner parts. At a few sites, samples
from baked sediments, however, provided very
stable magnetizations. They were included in the
calculation of the mean-site direction. An impor-
tant decrease in scatter upon tilt correction (k=7
before tilt and k=28 after tilt correction) indicates
a pre-folding origin for the magnetization Fig. 10).
Taking into account the dispersion due to tectonic

:
S
Fig. 10. Equal area projection of mean-site directions in vol-
canic units. Upon tilt correction, there is a significant decrease
in the dispersion of the directions.

rotations within the area, we also performed incli-
nation-only statistics (McFadden and Reid, 1982).
The precision parameter is ten times higher after
tilt correction (k=7.9) than in situ (k=79).

6.1.5. Orange Unit

Sediments drilled at two sites in the ‘Orange
unit’ (CC15 and CAO05) south of Loma Amarilla
(Fig.2) show a high magnetic susceptibility.
Thermal or AF demagnetization did not yield
characteristic magnetizations.

6.2. Cordillera de Domeyko

At the only site sampled within the Cordillera
de Domeyko (site CA06), (which correspond to a
section we consider equivalent to the Cerro Totola
Unit), the siltstone beds carry a reverse polarity
magnetization while a normal polarity magnetiza-
tion was found in the overlying lava. The directions
of magnetization are not exactly antiparallel prob-
ably because secular variation is recorded in the
volcanic rocks. The magnetization in the overlying
lava is mainly carried by hematite with high
unblocking temperatures. In contrast, unblocking
temperatures of the magnetization carried by the
fine red siltstone sediments are in the range 150-
600°C. Further work is needed to fully demonstrate
the primary nature of the magnetization within
both the lava and the sediment. Indeed, the largest
inclination error after tilt correction (Table 2)
occurred at this site in the siltstone beds and the
reverse magnetization could be a chemical magne-
tization acquired during emplacement of nearby
Eocene intrusions. In this case, the volcanic flow
was not affected by remagnetization because of an
initial high oxidation state or low permeability.

7. Effects of remagnetization by dyke intrusion

The nature of the magnetization at most sites
need to be assessed carefully. The emplacement of
volcanic rocks within the Purilactis Group and the
intrusion of dykes and sills may have induced
possible remagnetization of the sediments. At a
few sites, we performed baked contact tests where
dykes intruded sediments. While it is obvious that
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Table 2

Mean paleomagnetic results®

Site N D 1 D 1 Olos R AR F AF Age

In situ Tilt corrected

CC20 10 67.5 8.9 53.4 —42.2 148.6 4.2 65.1 5.5 24 4.9 80
CC20 13 69.3 9 55.4 —433 141.4 3.5 67.1 5.0 1.4 4.5 60
CA03 6 19.1 —19.1 57.4 —434 28 16.6 66 18.9 4.7 13.8 60
CA06 3 203.9 453 240.8 24 171.7 9.4 69 9.1 24.2 8.5 60
CA06 6 350.9 —50.7 58.4 —46.5 49 10.7 66.6 13.1 1.7 9.4 60
CA07 7 243.9 —-0.2 228.1 28.7 156.7 5 56.3 6 19.5 5.6 60
CA08 9 69 -23 56.7 —37.1 114.1 5.1 64.9 6.4 11.1 5.7 60
CA10 8 59.9 —21.7 18.3 —48.3 244 3.7 30.0 5.4 —-3.7 4.6 80
CALll 10 58.4 —27.5 194 —48 63 6.1 31.1 7.9 —4.1 6.1 80
CA12 10 422 —423 348.7 —39.5 62 6.2 —-04 7.2 5.1 6.1 80
CA13 6 267.7 339 223.5 393 43 11.6 51.7 12.6 8.8 10.1 60
CAl4 10 88.7 —48.1 35.5 —49.9 128.9 4.5 47.2 6.4 —53 5.0 80
CAl17 9 94.7 —-32 233 —49.3 87 5.5 31.6 7.8 —0.3 5.8 60
CA18 11 67.6 —23.1 21.2 —36.7 173.4 3.5 33.0 4.7 8.8 44 80
CA20 11 354.1 3 3.5 —355 182.3 34 15.2 4.6 8.3 4.5 80
CA21 13 155.9 16 168.5 50.1 87.6 4.5 0.2 6.4 —6.3 5.1 80
CA24 8 36.2 -5 25.1 —38.7 39 9.2 30.6 114 5.0 10.4 100
CA25 8 31.4 3.8 27 —27.5 44 8.6 325 10.0 16.1 10.0 100
CA27 10 55.9 —16.4 29.1 —48.2 57 6.6 34.6 10.1 —52 9.1 100
CA28 9 27.2 4.5 15.2 —24.2 120.2 4.7 20.7 7.5 18.8 8.3 100
CA29 17 18.4 —29.1 6.2 —39.9 86 3.9 11.7 7.5 3.1 8.0 100
CA30 9 41.6 —27.8 15 —49.9 60 6.7 20.5 104 —6.9 9.1 100
CA31 6 71.4 —28.8 35.1 -31 47 9.8 40.6 11.1 12.7 10.7 100
CA3l 6 218.4 46.9 269.7 31.8 128.4 5.9 46.6 7.9 1.2 6.1 60
CA31 5 275.4 55.6 181.6 51.3 137.8 6.5 9.8 9.2 —32 6.5 60
CA32 16 59.5 —22.5 4.5 —36 7.8 14.1 16.2 14.3 8.5 11.7 80
CA33 12 39.9 —40 12.4 —37 10 15.3 24.1 15.4 6.7 12.5 80
CA34 13 359 —8.8 46.8 —50.4 63 5.3 58.5 7.4 —5.8 5.5 80
CA35 8 14.3 —-1.7 423 —42.1 166 4.7 50.5 6.4 6.1 5.4 60
CA36 9 103.7 —41.3 24.2 —41 827.3 1.8 324 4.3 7.1 4.2 60
CA37 8 93.9 —27.8 42 —34.1 34.5 9.7 50.2 10.1 14 8.7 60
CA38 13 82.3 —41.6 21 —344 17 10.3 29.2 10.7 13.7 9.1 60

* N, number of samples used in the calculation of the mean direction; D, I, mean declination and inclination in situ (IS) and after
tilt correction (TC) k, Fisher’s precision parameter; o5, semi-angle of confidence; R+ AR, F+ AF, rotation and flattening parameters
and their associated errors (Demarest, 1983). The rotation was calculated using reference poles from Roperch and Carlier (1992).
Age is the estimated age of the magnetization chosen in calculating tectonic parameters.

samples taken within 1 m away from the contact
should be remagnetized by dyke intrusion, it is not
clear how far the thermal or related thermo-
chemical overprint could be seen. At site CC20,
the magnetization was highly stable in the sedi-
ments and recorded characteristic directions sim-
ilar to those within the dykes (Table 1). However,
the intensity of the magnetization found in the
sediment several tens of meters away from the
dykes (0.03 A m™!) is of the same order of magni-

tude than the one observed in sediments from the
Lican and Limoén Verde members. At site CA31
(Fig. 11), dykes and sills intruded during an
interval of reverse geomagnetic polarity, allowing
the thermo-chemical overprint to be clearly iden-
tified. Within one meter, the overprint is almost
complete. More than two meters away from the
sill, it was possible to isolate normal-polarity pri-
mary magnetization. This observation suggests
that thermal overprint due to dyke intrusions is
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Fig. 11. Orthogonal demagnetization diagrams for samples in
sediments nearby sill intrusion (top) in situ coordinates).
Sample CA3107A, at <1 m from the sill has a univectorial
magnetization while sample CA3101 located >2 m from the sill
has both magnetizations. Equal area projection of characteristic
directions observed at site CA31 (bottom). Open circles corre-
spond to the primary magnetizations of the red bed sediments
(normal polarity) while the magnetizations related to three dis-
tinct sills show the reverse polarity. Stars show the mean direc-
tions. A mean direction was not calculated for the unit defined
by only two samples (lozenges).

not responsible for the well-defined characteristic
magnetizations found in the lower members of the
Purilactis Formation.

The reverse polarity component observed at site
CA21 may be related to dyke or sill intrusion but
geological evidence is lacking to support this
interpretation.

8. Origin and age of the magnetizations
8.1. Volcanic rocks from the Cerro Totola Unit

A baked contact test, good stability of magne-
tization during heating, observation of both polari-

ties, and decrease in the dispersion of site-mean
directions following tilt correction (Fig. 10) indi-

cate, unambiguously, that the magnetizations are
primary and acquired during the emplacement of
the volcanic rocks. The presence of both normal
and reverse polarities in lavas, dykes and sills is in
good agreement with K-Ar dates which indicate
Late Cretaceous, possibly Maestrichtian age.

8.2. Red beds from the Tonel and Purilactis
Formations

Most sites for which a well-defined paleomag-
netic direction is observed are stratigrapically
below the Cerro Totola volcanic rocks. Samples
from all sites (except site CA21, three samples in
the upper part of section at site CA33, and four
samples out of 19 drilled at site CA10) have a
normal polarity characteristic magnetization. An
overprint in the present-day field is easily rejected
as an explanation because characteristic magne-
tization is clearly prefolding as shown by the
increase in the concentration of the data after tilt
correction (k=7; k=22 before and after tilt correc-
tion, respectively) (Fig. 12). Largest difference is
even observed in inclination-only statistics (k= 10;
k=46 before and after tilt correction, respectively).

As previously discussed, we also discarded a
thermal overprint during dyke intrusion. Moreover
both polarities are observed in the intrusive rocks.

At most sites, except in the lowest levels of the
Tonel Formation, there is a substantial detrital
volcanic content. Optical observations in reflected
light show the presence of detrital magnetite and
hematitic cement. Petrographic studies of the sedi-
ments indicate also that hematite was formed

Fig. 12. Equal area projection of site-mean directions in red bed
sediments. Upon tilt correction, the site-mean directions are
better clustered. The elongated pattern indicates variable
amount of tectonic rotations.
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during the early phase of diagenesis. Unblocking
temperatures of the characteristic normal polarity
component are widely distributed between 200 and
660°C (Fig. 7). Samples with high values of mag-
netic susceptibility contain detrital magnetite.
There is, however, strong evidence that magnetite
carries a viscous overprint (Figs. 6 and 7), it is
thus likely that the diagenetic cement is the main
carrier of the characteristic magnetization. The
magnetization is thus mainly a chemical
magnetization.

Numerous paleomagnetic results obtained in
red beds in the Andes (Aubry et al., 1996; Roperch
et al., 2000) or elsewhere (Tauxe and Kent, 1984)
indicate a significant inclination shallowing in det-
rital magnetization. It is interesting to note that,
on average, inclination shallowing is not statistic-
ally significant for most sites from the Limoén
Verde and Lican members. This observation sug-
gests a chemical origin for the characteristic mag-
netization found at these sites.

The overwhelming presence of the normal
polarity characteristic magnetization in the Tonel,
Limon Verde and Lican sediments indicates mag-
netization during the Cretaceous normal polarity
superchron. Only paleomagnetic results from site
CA33 and four samples at site CA10 do not
support the previous interpretation. Samples with
reversed  magnetization from site CA21
(Vizcachita) and CA06 (Cerro Totola sediments)
were magnetized after the Cretaceous normal
polarity superchron.

9. Tectonic rotations

For each site, tectonic rotations and inclination
errors were calculated according to the estimated
age given to the magnetization and using reference
poles provided by Roperch and Carlier (1992).
Although refinements in the apparent polar wander
path of the South American plate are still needed,
there is a good agreement amongst various authors
about the Late Cretaceous reference pole (Beck,
1999).

Upon grouping sites into local areas, a mean
rotation was calculated for each area (Fig. 13).
Tectonic rotations are clockwise and vary signifi-

cantly in magnitude. There is well-defined spatial
variation in the magnitude of the rotations. The
largest rotations (45-65°) are observed in the
region to the south of Cerro Totola. East of Cerro
Quimal, tectonic rotations are ca. 25°. In the area
of the Barros Arana Syncline, <10° of rotation is
observed along the south-eastern border of the
syncline while the study by Hartley et al. (1992b)
documents larger rotations in the northern sector
of the syncline (the recalculated rotation value is
49°49.6; the lowest value of rotation of 294+10°
in the original publication was due to an error in
the calculation of the rotation).

The paleomagnetic results obtained in the Late
Cretaceous volcanic rocks constrain the maximum
possible age for the occurrence of rotation to the
Paleocene. The minimum age of the rotation is
not well constrained but paleomagnetic results, in
Middle Miocene rocks from the Calama Basin
(Somoza et al., 1999), demonstrate that rotations
occurred prior to the Middle Miocene. Hartley
et al. (1992b) attempted to obtain paleomagnetic
data in coarse-grained sandstones from the
Oligocene Paciencia Formation. Unfortunately,
dispersion is so high that these results cannot be
considered reliable.

10. Discussion

Available data indicate that tectonic rotations
along El Bordo Escarpment occurred, at least,
after the emplacement of the Maestrichtian Cerro
Totola Unit. This rotation possibly occurred
during the regionally important Eocene deforma-
tion that affected the Cordillera de Domeyko
(Maksaev, 1990; Tomlinson et al., 1994).

In the northern Barros Arana Syncline (Fig. 13)
results from Hartley et al. (1992b) indicate clock-
wise rotation of ca. 49+ 10°. Our results from the
center of the Barros Arana Syncline indicate how-
ever that the syncline did not rotate as a single
rigid block. The large rotation documented by
Hartley et al. (1992b) is related to the strong
deformation that characterizes the northern part
of the syncline. Further south, east of Cerro
Quimal, where tectonic rotation is less significant,
the NNE trending syncline axis correlates with the
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Fig. 13. Simplified geological map showing variation in the magnitude of tectonic rotations. A mean rotation indicated by the large
arrow was calculated for each area where paleomagnetic results are available. The largest rotations are observed in the southern area.
Rotation seems to be correlated to tectonic structures, especially in the area of Cerro Totola where the fold axes strike northeast.
However, the largest rotations are observed farther south where the structures strike north-northeast. Mean rotation values and
standard deviation for each locality: a: (CC20a&b, CA7,8) R=63.3°+4.8; b, (CA06a&b) R=67.8° c, (CA3,35,36,37,38) R=
478°+14.4; d, (CA3la,b&c) R=323°+17.7; e, (CAl17,18,32) R=269°+9.3; f, (CAl0,11,12) R=20.2°+17.8; g,
(CA24,25,27,28,29,30) R=25.1+8.9; h, (CA20,21) R=7.74+10.6; i, (CA33) R=24.1+15.4; j, section from Hartley et al. (1992b)
R=49.0+9.6.

paleomagnetic rotation (20.2°). Larger rotations trends N60°E. The spatial variation in the magni-
(48.2°) occur again in the Cerro Totola area, along tude of rotations shows, that the syncline did not
the southern edge of the Cerro Quimal basement behave as a rigid block. Instead, along-strike varia-

block (Fig.13) where the frontal syncline axis tions in both structure trends and vertical-axis
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rotation suggest a causal link between Eocene
deformation and rotation.

Much larger rotations were found south of
Cerro Totola (63.3°) and within the Cordillera de
Domeyko (67.8°) (Fig. 13). South of Cerro Totola,
the large rotation does not correlate with local
structure since fold axes and thrusts trend NS to
NNE near this site. To date, we have not been
able to find a mechanism such as strongly dipping
fold axes (MacDonald, 1980) to explain these local
large rotations. The single result from site 6 must
be seen as preliminary and further work is needed
to document rotations within the Cordillera de
Domeyko.

Several models have been advanced to explain
vertical-axis rotation in northern Chile. Our new
paleomagnetic results from the eastern border of
the Cordillera de Domeyko provide additional
evidence that clockwise vertical-axis rotations are
characteristic of deformation within the southern
Central Andes. Several authors have suggested
that tectonic rotations may be related to oroclinal
bending associated to the uplift of the Altiplano-
Puna plateau (MacFadden et al., 1995; Butler
et al., 1995). However, Roperch et al. (2000) and
Coutand et al. (1999) suggest that rotations within
the Altiplano-Puna occurred during the Miocene
while rotation within the fore-arc and the
Precordillera of Chile occurred prior to the
Miocene. This interpretation is also supported by
results in Miocene rocks from the Calama Basin
where no significant rotation was observed
(Somoza et al., 1999). On the other hand, the
significant variation in the magnitude of rotation
observed in our study demonstrates that large
rotations are related to local deformation rather
than to an homogeneous global rotation of the
whole northern Precordillera.

An other tectonic mechanism is needed to
explain the large rotations. For example Randall
et al. (1996) and Forsythe and Chisholm (1994)
suggest that tectonic rotation within the Coastal
Cordillera are related to sinistral shear along the
Atacama Fault System or the Central Valley Fault
System during the Cretaceous. In contrast Beck
et al. (1986) suggested that oblique convergence
inducing dextral shear was responsible for the
pattern of clockwise rotation. Such a strain parti-

tioning model (see also Fitch, 1972; Dewey and
Lamb, 1992) seems to apply to well-known pre-
sent-day deformation field like Northwestern
America (Wells and Heller, 1988; Beck et al., 1994)
or New Zealand (Lamb, 1988) where boundary
forces acting on the edge of the plates seem to
directly control the deformation.

According to the plate convergence vectors pub-
lished by Pardo-Casas and Molnar (1987), NNE
directed convergence in northern Chile during the
Eocene—Early-Oligocene should result in right lat-
eral shear along the Domeyko Fault System
(Fig. 1). Evidence for a significant amount of
dextral shear in the Cordillera de Domeyko during
this period is, however, lacking. Detailed geologi-
cal mapping and available structural data indicate,
on the contrary, sinistral transpression (Mpodozis
et al., 1993a,b; Tomlinson et al., 1994; Padilla-
Garza, 1998).

Shear traction at the base of the brittle crust
(Royden, 1996; Bourne et al., 1998) is the only
way to reconcile the observed pattern of rotation
with the available structural information. Such a
model was proposed by Yaiiez et al. (1994) to
explain the contradiction with the dextral displace-
ments predicted by the application of the rigid
block partitioning models. Northward directed
flow in the middle to lower crust controlling the
deformation field in the brittle upper crust coupled
with the local boundary conditions in the Salar de
Atacama region, could explain why the sense of
rotation is systematically clockwise. It does not
however explain the large variation in the magni-
tude of the rotations. This variation is however
better understood if we consider strong rheological
heterogeneities in the upper crust and strong lateral
shortening gradients along the eastern border of
the Cordillera de Domeyko. The largest rotations
observed near the Cerro Totola area may corre-
spond to a transfer zone between the Cerro Quimal
block and the Cerro Negro block.

11. Conclusions
The paleomagnetic results obtained from the

basal units of the Purilactis Group (Tonel
Formation and lower members of the Purilactis
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Formation) indicate acquisition of the characteris-
tic magnetization during a normal polarity
interval. This observation and the Late Cretaceous
age of the overlying volcanic rocks (Cerro Totola
Strata) suggest that deposition and magnetization
of the lowermost units of the Purilactis Group
occurred during the Cretaceous normal polarity
superchron (119-84 Ma). Although the age of the
deformation is difficult to constrain accurately,
available stratigraphic and radiometric and the
regional structural pattern suggest that deforma-
tion occurred during the Eocene. The spatial varia-
tion of the rotations indicates that local structures
controlled or enhanced the rotations. Previous
models for Eocene deformation in the Cordillera
de Domeyko (Mpodozis et al., 1993a,b) predicted
clockwise rotations associated with sinistral trans-
pression. Our study confirms the existence of clock-
wise rotations along the eastern margin of the
Cordillera de Domeyko. The paleomagnetic results
obtained in this study confirm the regional signifi-
cance of clockwise vertical-axis rotations in the
northern Chilean Andes.
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Chapitre IV : Restauration en carte de la déformation et modeles

d'évolution de 1'Orocline bolivien






Introduction

Les méthodes de restauration de la déformation permettent de reconstruire la géométrie
non-déformée d'une région. La différence entre 1'état restauré et I'é¢tat déformé donne les
trajectoires de déplacement fini, déformation, rotations et déplacement des failles, ¢léments
fondamentaux pour analyser et quantifier la cinématique et les relations spatiales de plis et
failles. Il est ainsi aussi possible de réviser la cohérence des interprétations géologiques

proposées.

Bien que quelques méthodes de restauration de surfaces 3D aient été proposées la plupart
ont été développées pour le cas de deux dimensions (sections équilibrées ou en plan). Pour
des surfaces 3D, les méthodes de restauration des plis (unfolding) se basent sur la
conservation de la surface a restaurer [Gratier et al., 1991; Guillier, 1991; Gratier y
Guillier, 1993; Samson, 1996; Williams et al., 1997] ou sur le déplacement le long de
vecteurs avec inclinaison et azimut constant (homegeneous inclined shear) [Kerr y White,
1996]. Rouby et al. [2000] ont proposé récemment une méthode de restauration 3D. Cette

méthode est basée en la restauration des plis et la restauration en plan d'une surface 3D.

Les méthodes de restauration en 2D sont :

(1) Restauration de la déformation (Unstraining) en plan pour régimes de
déformation ductile avec déplacement heterogene [Schwerdtner, 1977; Cobbold
vy Pearcevault, 1983].

(2) Restauration des plis (Unfolding) de sections équilibrées en conservant la
surface [Dahlstrom, 1969; Hossack, 1979] ou en utilisant des déplacements
verticaux ou incliné [Gibbs, 1983; Schultz-Ela, 1992].

(3) Restauration des failles (Unfaulting) en plan par déplacement et rotation de
blocs limités par des failles [Dokka y Travis, 1990; Audibert, 1991; Rouby et
al., 1993a; Bourgeois et al., 1997].

La restauration de sections équilibrées en 2D est applicable seulement au cas de
déformation plane. Des déplacements a l'intérieur ou en dehors de la section ne sont pas
permis puisqu'il est nécessaire de conserver la surface. Les méthodes de restauration en
plan, contrairement aux méthodes de restauration de sections équilibrées en 2D, peuvent

étre appliqués a tout type de structures. Celles-ci incluent des régions qui ne présentent pas
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une déformation plane. Le déplacement de failles implique le mouvement rigide de blocs.
S'il y a une déformation interne dans les blocs (basculement et/ou plissement), cette
déformation devrait étre décalée avant d'appliquer la restauration en plan. Les procédures
de restauration en plan ont été adaptées pour une déformation discontinue et appliquées a
des régions dominées par des systémes décrochants [Audibert, 1991], extensifs [Rouby et

al., 1993a, b, 1996] et compressifs [de Urreiztieta et al., 1996; Bourgeois et al., 1997].

Les rotations et les déplacements de failles indiquées par ces modéles montrent une bonne
corrélation avec les données géologiques (par exemple le bassin du Tajik, Bourgeois et al.,
[1997]). Jusqu'a présent, ces méthodes seulement géométriques n'ont pas considére,

toutefois, une information géologique ainsi que :

(1) Des rotations de blocs

(2) Le sens dans le déplacement de failles

Les données paléomagnétiques des rotations et orientations des failles ont été seulement
comparées avec les modeles de restauration. Si la méthode de restauration en plan
considérait des données paléomagnétiques ou le sens dans le déplacement de failles la
solution devrait étre mieux délimitée. Dans le but de considérer les données de rotations
paléomagnétiques dans la restauration en plan de la déformation, nous avons modifié les
algorithmes de Audibert, [1991], Rouby et al. [1993] et Bourgeois et al. [1997]. Nous
avons aussi changé les algorithmes pour modifier la géométrie des blocs pendant la
restauration. De cette manicre, il est possible de considérer la quantité de raccourcissement
tectonique pour certains blocs pendant les itérations. Dans la premicre partie de ce
chapitre, nous présentons la méthode de restauration en mettant particuliérement 1’accent
sur les modifications que nous avons effectuées. Nous montrons postérieurement des
exemples simples de restauration considérant des données de rotation et de
raccourcissement tectonique. Finalement, dans le contexte de ce travail de These nous
avons essay¢ de restaurer la déformation de 1'Orocline bolivien en utilisant les données de
rotations tectoniques et de raccourcissement publiés. De cette maniere, un modele évolutif

de I'Orocline des Andes Centrales peut étre proposé.
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Méthode de Restauration

L'objectif de la méthode est de reconstruire géométriquement 1'état original non-déformé
d'une surface horizontale qui a été pliée et faillée ou par des failles normales, inverses ou
décrochantes. La méthode diminue toutes les séparations ou recouvrements des failles. Si
on essaye de restaurer un horizon stratigraphique déterminé les données devraient étre
acquises a partir des méthodes de Barr [1985] y McCoss [1988], en utilisant des cartes

structurales ou des données de sismique, dans la mesure du possible 3D (Figure IV.1).

L'état actuel déformé d'une surface, pour étre restaurée, doit étre présenté en plan comme
une mosaique de blocs limités par des failles. Dans cette mosaique, les blocs peuvent étre
voisins, séparés par des espaces vides, ou présenter des recouvrements, en accord avec la

nature des failles (décrochante, normale ou inverse respectivement) (Figures IV.1&2).

Dans la restauration de surfaces développées dans des régions tectoniques dominées par de
I’extension ou de la compression, nous assumons que la surface initiale a été plane,
horizontale et continue avant la déformation. Cette hypothése est raisonnable dans des
sédiments marins, ou les irrégularités sont généralement petites en comparaison avec
I'échelle de travail. Sous ces conditions, la restauration d'une surface stratigraphique
considere toute la déformation accumulée depuis la déposition de la couche. Pour le cas
compressif, il est nécessaire de déplier chaque bloc séparément [Bourgeois et al., 1997].
En général pour des plis non cylindriques il est nécessaire d'utiliser une méthode
automatique de déplissement [Gratier et al., 1991]. Dans le cas de zones ou prédomine le

mouvement décrochant, les blocs seront principalement limités par des failles verticales.

Pour avoir un diagramme de blocs totalement limité par des failles, il est nécessaire
d'inclure des failles artificielles (Figure IV.1&2). 1l est aussi nécessaire d'assumer que les
blocs définis sont rigides ou consistent de couches pliées qui seront étirées selon leur
direction de raccourcissement pendant la restauration. La supposition que les blocs sont

rigides est raisonnable si la déformation a l'intérieur ces blocs est négligeable.
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a) cross sections

fault heave map

(A) artificial
fault

heave due to folds (B)

Figure IV.1:Construction of a fault heave map, the
surface to be restored is the top of the grey layer
visible on sections. (a) extensional tectonics the
width of the lens is equal to the heave of the fault
(after Rouby et al., 1993a) (b) compressive
tectonics, heave map related to reverse faulting
(Bourgeois et al., 1997). (c) Unfolding. For a fold of
short wavelength and large amplitude (A), an
artificial fault is drawn along the axis of the fold.
The apparent heave is projected along this artificial
fault onto cutoff map. For a fold of long wavelenth
and small amplitude (B), the whole block is
unfolded and the changes in size and shape are
transferred to its external boundaries.



preliminary data processing

a) fault heave map

Z0

b) preliminary fault block map

: f) adjustment
A

¢) definitive fault block map

iterative procedure

v

Test of
convergence

v
- fault-related cutoff

|:| fold-related cutoff

g) restored map

d) digitization, segmentation

| >
Figure IV.2: Principle of the method of restoration (after Bourgeois et al., 1997). (a) From a structure-
contour map and cross sections of the surface to be restored, heaves of the faults are projected onto a
preliminary fault heave map. (b) Fault traces are extrapolated to construct fault-bounded blocks. (c) Each
block is unfolded and the fault block map is modified accordingly. (d) Bounded of blocks are digitized
and their sides are automatically subdivided into line elements of unit length. (e) To each element z the
program associates a neighboring element zn so that z and zn face each other across a cutoff lens; d is the
distance between z and zn. (f) Blocks are then packed by translations and rotations so as to minimize the
sum D of the squares of all distances d. Geological information as paleomagnetic rotations and tectonic
shortening can be introduced into the blocks. (g) The neighbor seeking and packing procedures are
repeated until D becomes stabilized at an acceptably small value.



A partir d'un bloc fixe, la méthode numérique de restauration ordonnera tous les autres
blocs (Figure 1V.2). Le choix du bloc stationnaire n'affecte pas le résultat de la
restauration, toutefois, le déplacement sera calculé a partir du bloc fixe. Pour que les
déplacements calculés soient directement comparés avec les données géologiques, le choix
du bloc stationnaire doit €tre approprié.

Procédure Numérique

La figure IV.3 est un diagramme de flux qui résume les pas du programme de restauration
et inclut les modifications effectuées pendant ce travail. Les données d'entrée sont les
descriptions des blocs ou chaque bloc est représenté par son numéro de bloc et les
coordonnées de ses points. Le programme découpe automatiquement les cotés de tous les
blocs en segments de méme dimension (Figure IV.2), dont la longueur est égale au plus
petit coté de tous les blocs. Une autre information importante correspond aux valeurs des
rotations et erreurs associées acquises a partir des études paléomagnétiques. Des
paramétres de déformation (direction et pourcentage de raccourcissement) sont donnés
pour certains blocs. Enfin, une information importante est la définition des blocs voisins.
Les blocs voisins sont tous ces blocs qui peuvent étre en contact avec un bloc déterminé
pendant la restauration. La procédure numérique ordonne un bloc dans I'espace existant
entre ses blocs voisins en diminuant la somme D des carrés d'un ensemble de distances d.
Ces distances sont le module des vecteurs voisins qui séparent le centre de 1'élément de
ligne voisin avec la hangingwall ou footwall des failles (Figure IV.2). Pour diminuer cette
somme, une série des déplacements et des rotations finies se produisent autour du

barycentre du chaque bloc.

La minimisation de D donne un systéme d'équations liées aux déplacements et aux
rotations. Pour résoudre les équations, le programme utilise une méthode itérative,
semblable a la méthode d'équations linéaires de Gauss-Seidel [Audibert, 1991; Rouby et
al., 1993a]. Une itération correspond a une série d'opérations, qui incluent la recherche des
voisins, déplacements des blocs et rotations des blocs. Dans chaque cycle la procédure est
répétée en utilisant le méme groupe d'éléments voisins jusqu'a ce que les déplacements et
les rotations arrivent a une valeur critique pré-définie. Pendant les déplacements et les
rotations, la méthode adapte chaque bloc séquentiellement en diminuant les espaces et les
recouvrements entre les blocs voisins. Les itérations sont cycliquement répétées jusqu'a ce
que les équations convergent. Alors, de nouveaux ¢éléments voisins sont définis et un

nouveau CYCIC commence.
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Algorithme du programme

A
Début d'une nouvelle iteration. Si I'étape a une application de
raccourcissement —y redéfinir la taille des blocs insérés
[
B
Chercher des éléments de ligne dans les blocs voisins

C
Diminuer des espaces ou recouvrements par Déplacement
(1) Choisir prochain bloc, par ordre croissant en numéro de bloc;
(2) Calculer déplacement et appliquer ;
(3) Si tous les blocs ont été traités —) aller a (4); d'une autre maniére, retourner a (1)
(4) Calculer déplacement moyen de blocs
(5) Si le déplacement moyen de blocs est plus petit qu'une valeur pré-définie,
— aller a D, d'une autre maniére, retourner a (1)

D
Diminuer des espaces ou recouvrements par Rotation

(6) Choisir prochain bloc, par ordre croissant en numéro de bloc ;
(7) Définir des projeccions d'éléments de ligne dans les éléments voisins

Si il n'y a pas de rotation atribuée au bloc —) aller a (8);

Si bloc a de rotation et le numéro d'iteracion il est plus petit qu'une valeur pré-définie
(S) —» appliquer rotation (Rot=Rot Paleomag/S) et aller a (6);

Si bloc a de rotation et le numéro d'iteracion il est plus grand qu'une valeur pré-
définie (S) — aller a (8);
(8) Calculer la rotation;

Si bloc a donnée de rotation et calcul de rotation (rotation
accumulée) il est plus petit qu'erreur paléomagnétique —» appliquer la rotation.
(9) Si la rotation est plus petite qu'une valeur critique, retourner a (6);

d'une autre maniére —) aller a (8);

(10) Si tous les blocs ont été traités, aller a E ; d'une autre maniére, retourner a (6)

E
Diminuer des espaces ou traslapes par Déplacement
(11) Choisir prochain bloc, par ordre croissant en numéro de bloc;
(12) Calculer déplacement et appliquer ;
(13) Si tous les blocs ont été traités —y aller a (14); d'une autre maniére, retourner a
(11)
(14) Calculer déplacement moyen de blocs
(15) Si le déplacement moyen de blocs est plus petit qu'une valeur pré-définie,
— aller a F, d'une autre maniére, retourner a (11)

F
Contrdle de la convergence
(16) Calculer la surface des espaces et des recouvrements, G;
(17) Si G est plus grand qu'une valeur critique, retourner a A par plus des
iterations, d'une autre maniére, la restauration finit

Figure IV.3: Algorithme du programme de restauration




Convergence
Le paramétre qui permet de mesurer la convergence est une valeur sans dimension "G" qui

correspond au rapport de la surface totale des espaces et des recouvrements a la surface
totale des blocs. La restauration est considérée terminée lorsque G atteint une valeur

minimale. La valeur de G est calculée a la fin de chaque itération.

Modifications effectuées aux algorithmes de Rouby et al. [1993a] et Bourgeois et al.
[1997]

Le programme, qui a été modifié, a été écrit principalement par Delphine Rouby. Le
programme est en langage C compatible avec le Systéme Unix sous I’environnement X
window. En dehors des implémentations des routines pour prendre en compte les rotations
et la déformation des blocs, nous avons aussi modifié la visualisation graphique des
restaurations. Un fichier graphique post-script est généré a chaque étape de restauration.
Ces fichiers sont ensuite convertis et assemblés pour former une séquence animée au
format Quicktime. De cette fagon, il est plus facile de suivre I’évolution de la restauration,
particulierement lorsque le modele comprend un grand nombre de blocs impliquant des

temps de calcul importants (> 1 h).

Rotation et Erreur a partir de données paléomagnétiques

Dans les algorithmes développés par Rouby et al. [1993a] et Bourgeois et al. [1997], les
rotations ne sont que des résultats du modele apres la restauration. Ces méthodes, n'ont pas
considéré I’information paléomagnétique des rotations de blocs. J’ai modifié les
algorithmes afin d’introduire les données de rotation et son erreur dans les calculs. En
calculant la rotation d'un bloc le programme cherche automatiquement s’il y a une rotation
attribuée au bloc. S'il n'y a pas de donnée, le programme applique les algorithmes déja
définis. Dans le cas contraire, le programme applique la rotation en S itérations que
l'utilisateur choisit dans les paramétres du modéele. Si les rotations sont petites nous
pouvons incorporer la rotation totale dans les premicres itérations (S<10). Lorsque la
quantité de rotation est importante, il est cependant nécessaire d'appliquer la rotation par
incrément. De cette maniére la perturbation produite par la rotation du bloc sera plus petite

et permet d’observer une convergence plus rapide lors de la restauration.
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Iteration 0 Iteration 20

A

Iteration 50 Iteration 450

Figure IV.4: Example of restoration of a simple domino model. We have only given a rotation of 30°+5° to
block 7 in the rotation file. Since we have included an error of 5° in the rotation file, the final rotation was
25.52° for the block 7.



Une fois que le programme a appliqué la rotation paléomagnétique, nous considérons alors
'erreur associée. L'algorithme que nous avons développé permet la rotation d'un bloc
seulement dans son intervalle de confiance. Dans les méthodes développées par Rouby et
al. [1993a] et Bourgeois et al. [1997] les rotations étaient produites pendant la
minimisation d’espaces et/ou recouvrements. S'il n'y a pas de recouvrements ou d'espaces
entre les blocs, le résultat de la restauration est le méme que la donnée originale du
diagramme de blocs. Dans un modé¢le a l'origine sans espace ou recouvrement en
considérant les rotations paléomagnétiques des recouvrements et/ou des espaces se

produisent, qui impliquent une réorganisation du systeme (Figure 1V.4).

Raccourcissement tectonique

Rouby et al. [1993a] et Bourgeois et al. [1997] ont proposé la restauration des plis pour des
blocs avec déformation interne (unfolding) avant les étapes de restauration. Les études
structurales et sismiques effectuées dans la dépression de Tajik [Bourgeois et al., 1997]
permettent d'avoir un bon contrdle de la structure interne et la géométrie des failles et des
plis du bassin. De cette maniere, un déplissement des couches pliées avant la restauration
en plan a pu étre effectuée, et permettant de construire un diagramme de blocs présentant

des recouvrements équivalents aux rejets horizontal aux des failles inverses.

Dans les Andes Centrales, des zones comme la chaine Subandine ou la Cordillére
Orientale présentent une structure complexe et un important degré de raccourcissement.
Par exemple, si on fait une restauration a 1'échelle de la chaine Subandine, il est difficile de
considérer toutes les failles et les plis décrits et de faire une restauration semblable a la
dépression de Tajik. Faire une restauration a 1'échelle des Andes Centrales en considérant
toutes les failles et plis nous obligerait a définir un grand nombre de blocs et

recouvrements.

Plusieurs auteurs ont essayé de déterminer le raccourcissement a partir de coupes
balancées, particuliecrement des les zones subandines. Toutefois les estimations varient
d'une étude a un autre pour une méme région et seule une valeur moyenne de
raccourcissement peut étre facilement prise en compte. Ainsi, nous avons développé un
algorithme pour restaurer la déformation interne d'un bloc. La méthode considére

automatiquement le raccourcissement du bloc et change sa géométrie au fur et a mesure
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des itérations. La direction de raccourcissement est aussi progressivement réorientée en

fonction des rotations du bloc lors de la restauration

1l n'est pas nécessaire alors de déterminer le recouvrement entre deux blocs (Figure IV.5).
De cette maniére, différentes modeles tectoniques avec des raccourcissements et directions
de raccourcissement différents peuvent rapidement étre testés pour un méme diagramme de
blocs. A chaque itération, la surface des blocs ‘étirés’ selon la direction de
raccourcissement augmente. Il est alors nécessaire de subdiviser a nouveau les cotés des

blocs dans des segments de ligne d’égale longueur.

Finalement, puisqu'un méme bloc peut souffrir plus d'un événement de déformation avec
des directions de raccourcissement différentes, il est possible de tester pour un méme bloc
divers événements de raccourcissement dans différentes étapes pendant la restauration

(voir plus bas).

De cette maniére, il est possible d'avoir une représentation ‘dans le temps’ des différentes

¢tapes de la restauration.
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Figure IV.5: Example of restoration using shortening data (Scale of color indicates

amount of shortening for each block)






Mode¢les de restauration de la déformation pour 1'Orocline bolivien

Des tentatives de restauration en plan de la déformation dans les Andes Centrales ont été
effectuées par Baby et al. [1993] et Kley [1999]. Baby et al. [1993] ont présenté un modele
détaillé de restauration de la zone Subandine a partir de quelques coupes équilibrées. Dans
ce modele, Baby et al. [1993] ne considérent pas de rotations autour d'axes verticaux. Kley
[1999] a proposé un modéle cinématique simplifié des Andes Centrales entre les 10° a
26°S. Son mode¢le utilise principalement le raccourcissement prévu dans les zones
Subandine et la Cordillere Orientale mais ses estimations de rotations ne sont pas en
accord avec celles qui sont observées dans les études paléomagnétiques. Un modele
cohérent de la restauration de la déformation des Andes Centrales devrait considérer le
raccourcissement et la rotation des principaux segments de la chaine (Cordillére Orientale,
Subandine, I’avant arc, etc.) limités par les plus grandes structures. Un modele plus réaliste
devrait aussi considérer les Andes Centrales jusqu'a la déflection de Huancabamba (Figure
IV.6&8) [Mitouard et al., 1990]. Dans cette région, le raccourcissement documenté dans la

zone subandine est seulement de 11 km [Rodriguez et al., 2001].

Compilation de données de raccourcissement tectonique
Pendant les dernieres années, plusieurs études structurales ont essayé d'estimer la quantité

de raccourcissement tectonique pendant le soulévement des Andes Centrales [par
exemple : Allmendinger et al., 1983; Roeder, 1988; Sheffels, 1990; Baby et al.,
1993,1996,1997; Dunn et al., 1995; Kley, 1996; Kley et al., 1997,1999; Lamb et Hoke,
1997; Kley et Monaldi, 1998; Coutand et al., 2001; McQuarrie et DeCelles, 2001,
Rodriguez et al., 2001; Miiller et al., 2002]. Les coupes équilibrées faites a partir des
données de sismique pétroliere et les informations de terrain permettent d’estimer les
raccourcissements pour les zones Subandines et Interandines. Les estimations de
raccourcissements sont plus difficiles a établir dans la Cordillére Orientale (Tableau 1).
Dans la Cordillere Occidentale et l'avant arc, il n'existe pas d'études détaillées qui

permettent pour le moment d'estimer le raccourcissement.
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La plupart des études considérent que le raccourcissement total des Andes Centrales est
principalement Néogene dans la Cordillére Orientale et la zone Subandine-Santa Barbara
[Isacks, 1988; Sempere et al., 1990; Schmitz, 1994; Gubbels et al., 1993; Allmendinger et
al., 1997; Baby et al., 1997; Lamb et Hoke, 1997; Kley et al., 1999]. La plus jeune de ces
unités morpho-tectoniques, est la zone Subandine, une ceinture de chevauchements qui
chevauche le bassin d’avant pays légérement déformé [Lamb, 2000]. Selon Kley et
Monaldi [1998] et Kley [1999], le degré de raccourcissement dans la zone Subandine, et
dans la large région d’arriere arc a une valeur maximale preés du Coude de Santa Cruz (plan
de symétrie de Gephart, Figure 1.2&IV.6) et diminue vers le sud et le nord-ouest. Les
estimations de 80-140 kilomeétres (~40%) de raccourcissement faites a partir de coupes
balancées dans la zone Subandine impliquent un raccourcissement de 8-14 millimetres par
an sachant que les déformations se sont produites principalement au cours des dix derniers
millions d’années (Figure IV.6). Sur la base de séries sédimentaires syn-orogéniques de
1'Oligocéne Supérieur et Néogene identifiées dans I’avant pays et I'Altiplano, une valeur
maximum du raccourcissement dans les Andes centrales d'environ 200-250 kilométres est
proposée par la plupart des auteurs [Isacks, 1988; Sheffels, 1990; Sempere et al., 1990;
Gubbels et al., 1993; Schmitz, 1994; Baby et al., 1997; Allmendinger et al., 1997; Kley et
Monaldi, 1998].

Des études récentes [McQuarrie et DeCelles, 2001; Miiller et al., 2002] basées sur les
coupes équilibrées de I'Altiplano et de la Cordillére Orientale, proposent un
raccourcissement total minimum de 340 kilométres (40-47%) dans les Andes centrales
(Figure IV.6). Ces nouvelles interprétations structurales suggeérent que 1'épaisseur actuelle
des Andes centrales puisse étre expliquée seulement par I'empilement tectonique, qui s'est
produit principalement au niveau de la Cordillére Orientale depuis I’Eocéne Supérieur au
Miocene Inférieur [McQuarrie et DeCelles, 2001; Miiller et al., 2002; Husson et Sempere,
2003].
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Tableau IV.1 Estimations de raccourcissement dans les Andes Centrales (4°-25°S)

Northern Central Andes
North Huancabamba (~4°S), Subandean Zone 11 km(13)
North Abancay (~10°S), Subandean Zone 101 km(13)
South Abancay (~13°S), Subandean Zone 121 km(13)
Bolivian Orocline

Altiplano-  Eastern Foreland Total

Backthrust ~ Fold-Thrust

Belt Belt
Northern 141 km (0) ~50-60 km(2) 135 km(9) 336-265 km
Altiplano 117 km(2) 74 km(2) 191 km(2,7)
(15-17°S)
Central 189 km(0) 54 km(11) 60 km(1)  303-310 km
Altiplano 67 km(11)
(17-20°S) 30 km(8) 210 km(10) 240 km(7)
Southern 85 km(0) ~90-110 km(5,6) 100 km(4) 275-295 km
Altiplano 20 km(2) 80-90 km(5) 74 km(3) 174-184 km
(20-24°S) 50 km(6) 145 km(2) 86 km(2) 281 km(2)
Puna et Fold-Thrust Belt 37 km(12)
(~25°S)

0, McQuarrie et DeCelles, 2001 ; 1, Baby et al., 1993 ; 2, Baby et al., 1997 ; 3, Dunn et al., 1995 ; 4, Herail et
al., 1990 ; 5, Kley, 1996 ; 6, Kley et al., 1997 ; 7, Kley et Monaldi, 1998 ; 8, Lamb et Hoke, 1997

(Altiplano) ; 9, Roeder, 1988 ; 10, Sheffels, 1990 ; 11, Sheffels, 1988 ; 12, Coutand et al., 2001 ; 13,
Rodriguez et al., 2001.
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Compilation des données paléomagnétiques

Plusieurs études paléomagnétiques ont essayé de décrire le ‘pattern’ des rotations
tectoniques dans les Andes Centrales, une compilation des données paléomagnétiques est
donnée dans le tableau IV.2 et représenté sur les Figures IV.7&8. Des rotations horaires
sont observées au Chili et des rotations anti-horaires au Pérou. Les rotations sont
importantes dans le domaine de 1’avant arc, 1’Altiplano et la Cordillére Orientale. a tourné
dans le sens anti-horaire entre 25°-30°. Les rotations observées dans 1’avant arc du sud de
Pérou sont interprétées comme la rotation d’un bloc relativement homogene vers la fin de
I’Oligocene [Roperch et al., 2002a&b]. Les grandes rotations horaires observées le long de
la marge du Chili se sont produites probablement au cours du Paléogene [Randall et al.,
2001; Somoza et Tomlinson, 2002; Taylor et al., 2001; Fernandez et al., 2000; Cette
etude]. Des fortes rotations sont aussi observées dans la déflection de Abancay (Gilder et
al. 2003) et au sud de la déflection de Huancabamba au nord du Pérou (Mitouard et al.
1990). Dans le plateau d'Altiplano-Puna et la Cordillere Orientale, il y a une bonne
corrélation entre la déviation de 1’orientation des structures principales et la quantité des
rotations produites pendant le Néogeéne [MacFadden et al., 1995; Butler et al., 1995;
Coutand et al., 1999; Roperch et al., 2000].
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Figure IV.7b: Location of the paleomagnetic studies conducted in the Central Andes
between 18°-28°S (see table IV.2 for details).






Figure IV.8: Tectonic rotations in the Central Andes (see Table IV.2 for details).






Modéle Simplifié
Dans une premicre étape nous avons développé un modele simplifié¢ des Andes Centrales.

La figure IV.9 montre la construction du diagramme de blocs. Les blocs fixes
correspondent a toute la zone non-déformée a I'Est de la chaine Subandine et un bloc fixe
dans la zone de Huancabamba. A partir de la topographie des Andes Centrales, en
projection d’égale surface et selon le plan de symétrie de Gephart, [1994], nous avons
divisé les Andes selon des segments simples depuis la zone de subduction jusqu'a la chaine
subandine. Les limites des blocs coincident avec les caractéristiques topographiques les
plus importantes (Zone de subduction, l'avant arc, Cordillere Occidentale, Cordillere
Orientale, limite Altiplano-Puna, etc.). L'avant arc a été divisé en suivant les structures
principales paralléles a la zone de subduction (Zone de Faille d'Atacama, Systeme de Faille
de Domeyko). L'avant arc a été divisé avec des coupes perpendiculaires a la marge pour

permettre une déformation interne.

La figure IV.10 montre l'état déformé et I'état non-déformé aprés avoir appliqué la
restauration en utilisant des valeurs de rotation et raccourcissement. Nous avons restauré le
méme modele mais dans ce cas sans utiliser des données de rotation (Figure IV.10e). Le
modele avec des données de rotation (Figure IV.10b) montre une meilleure continuité des
blocs pour l'avant arc. En contraste, le modéle sans données de rotation (Figure IV.10e)
montre des discontinuités des blocs de I'avant arc entre le sud du Pérou et le nord du Chili
(~16-20°S). Ces différences entre les deux modéles montrent 1'importance d'assigner des

données de rotation a I'algorithme pour obtenir des résultats plus cohérents.

Les deux modeles montrent l'importance du raccourcissement des zones subandine et de la
Cordillere Orientale pour produire les rotations observées dans l'avant arc (Figure IV.10).
Un déplacement important de la marge vers le coeur de I’orocline est observé pendant le
développement de I’orocline (Figure IV.10d). Le déplacement vers le nord de 1'avant arc
du nord du Chili est en accord avec la subduction oblique dextre pendant le Paléogene
[Pardo Casas et Molnar, 1987] et implique une déformation décrochante dextre dans les
systémes des failles nord-sud du nord du Chili. Ce mod¢le suggere aussi une extension NS

de la marge pendant la formation de I’orocline.
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Figure IV.9: Sinple block model for the central Andes (the Andes are rotated
using the Gephart's symmetry plane).






Rotation data Restored state Displacements and rotations
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deformed state
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Figure IV.10: Deformed and restored state for a simple block model
for de Central Andes, showing parameters of shortening and rotation
used during restoration (see discussion in text).






Modg¢le Final
Etant donné la complexité d'un modele cinématique a 1'échelle de 1’orocline a partir de

données géologiques, il est nécessaire de simplifier les structures observées, par des limites
plus simples mais encore représentatives. La plupart des études tectoniques effectuées dans
les Andes Centrales se concentrent dans des secteurs spécifiques et ne présentent pas un
schéma tectonique de toute la région. A partir de cartes et des modeles tectoniques publiées
(Figure IV.6&11), outre 1'analyse d'images de satellite, la topographie numérique, nous
avons considéré les principales structures de la région pour représenter les Andes Centrales
comme un ensemble de blocs limités par des failles (Figure IV.12). Dans certaines zones
comme le plateau et ’avant arc nous avons divisé arbitrairement certains blocs dans
lesquels il pourrait y avoir une déformation interne. Finalement, nous avons obtenu un

modele de 179 blocs entre la zone de subduction et la chaine Subandine.

La figure IV.13a montre le modé¢le de blocs développé pour les Andes Centrales dans 1’état
actuel. Les données de raccourcissement tectonique obtenues a partir des études publiées
sont essentiellement concentrées dans la zone Subandine et la Cordillere Orientale (Figure

IV.13a droite [~40-50%]).

A partir des études paléomagnétiques publiées, nous avons attribué une rotation tectonique
et son erreur pour certains blocs (Figure IV.13a gauche). Pour le cas du Pérou, les rotations
sont environ -30° au sud de la déflection d’Abancay et environ —15° au nord d’Abancay.
Pour le cas de ’avant arc du nord du Chili, et aprés avoir fait plusieurs tests, nous avons
trouvé qu’il est nécessaire de considérer une rotation moyenne entre 15-25° (Figure IV.13a
gauche). Si on considére la rotation obtenue a partir des études publiées (par exemple entre
40-60° pour quelques blocs dans la région d’ Antofagasta) on obtienne un résultat qui n’est
pas cohérent. Les fortes rotations observées dans 1’avant arc du nord du Chili sont
probablement la somme de rotations locales et d’une rotation globale plus caractéristique

de la déformation oroclinale.
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Les figures IV.13b,c,d montrent les déplacements et les rotations produites dans différentes
étapes pendant la restauration. Au cours des premieres itérations, on considere le
raccourcissement de la zone Subandine (Miocene Supérieur-Pliocene) (Figure 1V.13b),
ensuite la déformation plus ancienne de la Cordillere Orientale (Eocene a 1’Oligocene)
(Figure IV.13c&d) et finalement la déformation Crétacé Supérieur-Paléogene de 1’avant
arc. (Figure IV.13d). Sachant que I’estimation des raccourcissements pré-Néogene dans la
plupart des segments de 1’avant arc reste incertaine, nous avons attribué une valeur

arbitraire de 20%.

Résultats

Apres les premicres étapes de restauration et considérant seulement le raccourcissement
concentré dans la ceinture Subandine (Miocéne Supérieur—Pliocene, Itération 100, Figure
IV.13 b) on n'observe pas une variation significative dans la géométrie de la marge. Un
raccourcissement total a la latitude de Arica entre 70-90 km entraine des rotations

inférieures a 10° (-10°) dans la région de I’avant arc du Chili (du Pérou).

Apres avoir restauré (dépli¢) toute la déformation de la chaine Subandine, la restauration
d’une partie de la déformation dans la Cordillere Orientale, déformation Oligo-Miocene
(Itération 200, Figure IV.13c) entraine une variation de la géométrie de la marge et un
raccourcissement total du 180-190 km a la latitude de Arica-Santa Cruz. A I’itération 300,
toute la déformation Eocéne-Oligocéne, essentiellement concentrée dans la Cordillére
Orientale, est restaurée. A la latitude d’Arica Santa Cruz, ce modéle correspond a un
raccourcissement total entre 300-310 km. Cette quantité de raccourcissement estimé a
partir de la restauration en carte est cohérente avec les dernieres estimations entre 310-340
km de raccourcissement publiées par McQuarrie et DeCelles [2001] et Miiller et al.

[2002].
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Tout comme dans le mod¢le simplifié¢ (Figure IV.10) on observe un important déplacement

de I’ordre de 50 a 80 km vers le nord pour l'avant arc du nord du Chili.

Ce qui précéde suggere que les rotations observées dans la marge ne peuvent pas étre
expliquées par une rotation globale de la marge pendant le Mioceéne-Pliocéne. Au
contraire, la courbure de la marge semble plus contemporaine avec la formation de la

Cordillére Orientale essentiellement durant I’Eocéne Oligocéne.

Erreurs dans le modéle

La figure V.14 montre les recouvrements et les vides produits pendant la restauration. Ces
erreurs ont principalement pour origine la forme des blocs et les changements de forme
associés aux étirements suivant des directions données. Au cours des premieres itérations,
il n'existe pas de grands recouvrements (itération 100 dans la figure 1V.14), mais ils
augmentent dans les itérations postérieures en considérant le raccourcissement de la
Cordillére Orientale (itération 300). Les recouvrements et les vides sont observés
principalement dans la région de 1’Altiplano. Un meilleur contrdle structural permettrait
peut-étre une meilleure modélisation. Etant donné 1'échelle du probléme et la complexité
de la tectonique, le modele proposé n’est certainement pas unique. Il permet cependant
d’apporter des informations de premier ordre permettant une meilleure interprétation des

données de rotation dans les Andes.
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Chapitre V : Synthese des résultats, discussion et conclusions.






L’approche pluridisciplinaire adoptée pour cette étude, nous a permis (1) de caractériser la
tectonique du bassin du Salar de Atacama et ses implications pour le développement de
I’avant arc Crétacé au Paléogeéne, (2) de mieux comprendre 1’organisation et le
développement du champ de rotation a travers la chaine andine au nord du Chili (3) de
reconsidérer 1I’importance de la tectonique pré Néogene dans la construction des Andes
Centrales et (4) d’argumenter le développement de 1’orocline bolivien dans 1’espace et dans

le temps.

Caractérisation du bassin du Salar de Atacama

La plus grande quantité d'information sur le développement de I'avant arc dans la région
d’ Antofagasta se trouve dans le bassin du Salar d'Atacama. Ce profond dépocentre montre
un remplissage sédimentaire Mésozoique-Cénozoique bien préservé qui enregistre les
événements tectoniques précoces qui ont mené a la formation des Andes Centrales. Les
données de terrain, sismiques, paléomagnétiques et ages géochronologiques, ont permis de
construire un systéme stratigraphique qui rend compte de I'histoire précoce du bassin

représenté dans le Groupe Purilactis et des séquences clastiques du Paléogene.

Les styles structuraux et 1’occurrence des strates de croissance suggerent que la partie
inférieure du Groupe Purilactis s'est accumulée dans un contexte compressif controlé par un
systéme de failles inverses a vergence Est, enracinés dans la proto Cordillere de Domeyko.
Des épisodes successifs de soulévement en relation avec le raccourcissement dans la
Cordillere de Domeyko ont participé a I'accumulation de sédiments syntectoniques des
formations Purilactis et Barros Arana pendant le Crétacé Supérieur. Pendant ce méme
intervalle, volcanisme et sédimentation se sont produit dans des bassins de pull-apart le
long de I'arc actif dans la partie centrale de la région d'Antofagasta (Formation Quebrada
Mala). Au méme temps, au nord de la latitude de Calama, une sédimentation syntectonique
contrdlée par des chevauchements de vergence ouest s'est aussi produite dans des bassins a

'ouest de la proto Cordillére de Domeyko (Formation Tambillos).
Des laves alcalines, ignimbrites et des strates rouges continentales d'dge Maastrichtien

(Formation Totola) ont été¢ déposées dans le bassin d'Atacama en méme temps que les

formations marines, Molino et Yacoraite, ont couvert de grands secteurs de I'Altiplano-
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Puna. Des niveaux calcaires intercalés avec les niveaux volcaniques de la Formation Totola
indiquent que cette transgression marine a avancé vers 1'Ouest jusqu'au bord Est de la proto

Cordilleére de Domeyko.

Des ages de traces de fission de ’intrusif du Cerro Quimal indiquent un soulévement rapide
de la Cordillere de Domeyko autour des 63 Ma. Ce soulévement est cohérant avec
I’occurrence des faciés alluviaux Paléocénes-Eocénes de la Formation Naranja (Orange
Formation) dans le basin d’Atacama. Cette unité montre une grande croissance vers le
centre du bassin, controlée par des mouvements dans de la Faille du Salar, structure
associée au soulévement du bloc de bassement du Cordén de Lila. L'événement tectonique
principal dans la région correspond 4 la phase Incaique de 'Eocéne Supérieur, lorsque plus
de 1000 m de faci¢s alluviaux proximaux (Formation Loma Amarilla) sont déposés, associés
a un important soulévement de la Cordilléere de Domeyko et du Cordon de Lila. Pendant cet
événement compressif se produisent d'importantes rotations horaires dans l'avant arc (voir

plus bas).

La tectonique Crétacé-Paléogene représentée dans les faciés du bassin d'Atacama, a aussi
probablement affecté d’autres régions plus a sud de 'actuelle dépression pré andine du nord
du Chili. Ceci est suggéré par la similitude des facies du Crétacé - Paléocéne observées plus
au sud dans le bassins de Pedernales - Maricunga, au latitude 27°S. En méme temps, le
bassin d'Atacama est le dépocentre le plus occidental du systéme de basins formées sur
I’ Altiplano-Puna pendant le Crétacé au Paléogene. Les événements enregistrés dans le
remplissage du bassin d'Atacama sont cohérents avec le debut de la contraction plus ancien
des secteurs distaux du nord-ouest de I'Argentine et sud-est de la Bolivie. Toutefois le
systeme de rift de Salta dans le nord-ouest de I’ Argentine a été formé pendant la période
d'extension généralisée du Crétacé Inférieur, aussi enregistré en Bolivie (Groupe Puca
Inférieur) et le long de la marge Chilienne. Des effets associés a I’inversion Crétacé
Supérieur précoce du bassin d’arriére arc du nord du Chili et le soulévement initial de la
Cordillére de Domeyko ont été reconnus au sud du plateau Bolivien et du systéme de rift

de Salta.

En conclusion, et comme d'autres études ont suggéré [Charrier et Reutter, 1994; Mufioz et

al., 1997, 2002] nous considérons que le Bassin d’Atacama ne s'est pas formé dans un
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contexte extensif, ni non plus comme un bassin d’avant-pays associé¢ a une flexure de la
lithosphére. Ce bassin s'est formé pendant le Crétacé Supérieur précoce comme une
conséquence de l'inversion des bassins extensionnels d'arriére arc du Crétacé Inférieur du
nord du Chili. Pendant cet inversion a commencé a étre soulevé la mince ceinture du socle

de la proto Cordillére de Domeyko.

Etant donné les petites dimensions du bassin d'Atacama, la création d'espace et la longue
vie du dépocentre ne peuvent pas seulement étre expliquées par la flexure et la subsidence
induite par charge tectonique de la mince Cordillere de Domeyko. Des études récentes ont
indiqué la présence d'une anomalie positive dans le domaine de gravité résiduelle isostatique
[Gotze et Krause, 2002] qui est bien lié avec la faible topographie des bassins d'Atacama et
Arizaro (nord-ouest d'Argentina). Plus encore des données de tomographie sismique sous le
Salar d'Atacama montrent un manteau de lithosphére anormalement froid qui peut-étre
mécaniquement li¢ avec la plaque de Nazca [Yuan et al., 2002]. Des ophiolites rémanentes
ou corps ultrabasiques de haute densité¢ de I’Ordovicien ou la racine d'un arc magmatique
Cambrien-Ordovicien (exposées en surface au Cordon de Lila) pourraient causer I'anomalie
observée, et avoir induit, dynamiquement la subsidence du bassin d'Atacama [Yuan et al.,

2002].

Rotations tectoniques dans I’avant arc du nord du Chili

Pendant le Crétacé Supérieur et Paléogéne, une importante partie de la déformation de la
marge andine, a été absorbée par des rotations horaires de blocs, allant jusqu’a 65°. Bien que
quelques auteurs aient suggéré que ces rotations soient en rapport avec la formation de
I’Orocline Bolivien pendant le Néogene, notre étude et des études récentes indiquent qu’une
importante partie des rotations se sont produites principalement pendant I’Eocéne-

Oligocene (Phase Incaique).

La vaste distribution de ces rotations dans le Nord du Chili implique que la déformation
Incaique est un événement tectonique d’'importance régionale et non seulement local, lié a la
déformation dans la Précordillere ou Cordillere de Domeyko comme [’'indiquent des

travaux publiés a ce sujet.
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L’age minimal des rotations dans I’avant arc du nord du Chili n’est pas connu du fait du
manque de séquences Oligoceénes favorables aux études paléomagnétiques. Cependant les
résultats de Somoza et Tomlinson [2002] indiquent que les rotations de I’avant arc Chilien
sont pré - Néogenes. Dans le sud du Pérou des rotations antihoraires (25° a 30°) on été
enregistrées sur des roches sédimentaires d’age Eocéne — Oligocéne [Roperch et al., 2000 ;
Roperch et al., 2002 a,b]. Dans le nord du Chili et le sud du Pérou, les ignimbrites du
Miocéne Inférieur ne présentent pas d’évidences de rotation [Roperch et al., 2002a,b]. A
partir de ces faits, nous ne pouvons pas écarter 1’hypothése que les rotations aient été
simultanées au Pérou et au Chili, ce que impliquerait que 1’Orocline Bolivien s’est formé
principalement durant I’Oligocéne. Si c’en est le cas, des rotations plus jeunes observées a
I’Est, dans 1’Altiplano, Cordillére Orientale et Zone Subandine, peuvent étre une
conséquence du déplacement généralisée vers I’Est de 1’avant-arc précédemment courbé
pendant le Néogene lequel pourrait avoir avancé comme un bloc rigide vers le craton
[Roperch et al., 2000]. 11 faut cependant noter que Rousse et al. [2002] ont suggéré que les
rotations observées dans le nord du Pérou correspondent essentiellement a des événements
tectoniques trés limités dans le temps au cours du Miocéne Supérieur et sans relation avec

les processus tectoniques donnant naissance a 1’Orocline des Andes Centrales.

Bien que durant ces derniéres années, de meilleures données aient été obtenues sur I’age et
la magnitude des rotations tectoniques dans les Andes Centrales, jusqu’a présent il n’y a
pas de modele géologique capable d’intégrer les données paléomagnétiques et les études
structurales. En opposition avec la situation au sud du Pérou, ou les données semblent en
faveur d’une rotation générale de la marge, le Nord du Chili enregistre un ajustement
complexe de rotations sur des petits blocs. Une composante de rotation globale Oligocéne
de 10-20° ne peut pas cependant étre compleétement écartée si les données du Nord du
Chili sont comparés a celles du Pérou. Toutefois, la grande variabilité spatiale de 1’ampleur
des rotations suggere un contrdle tectonique sur les rotations locales et non seulement a

I’échelle de tout I’avant arc.
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Quel modeéle tectonique pour expliquer des rotations systématiquement horaires

dans le nord du Chili ?

La convergence oblique de la plaque de Nazca et aussi, I’occurrence des structures
anciennes affectant la crolite au niveau de la marge ont été utilisée pour expliquer les
rotation tectoniques dans le Nord du Chili. Les mouvements au long de failles obliques a la
marge a souvent été avancé pour expliquer I’existence des rotations [Randal et al., 1996;
Taylor et al., 1998; Abels et Bischoff, 1999]. A cet égard, notre étude suggére qu'une
importante zone de cisaillement transpressif dextre d’orientation NE-NNE a controlé
I’ampleur des rotations dans la Vallée Centrale au Nord Est d’Antofagasta, ou les rotation
probablement dependent des différences dans la quantité de raccourcissement EW le long de

la marge pendant I’événement tectonique Incaique.

Plus au sud, dans la région de Copiapd, un systéme complexe de rotations horaires a été
aussi observé [Riley et al., 1993 ; Randall et al., 1996 ; Taylor et al., 1998 ; Randall et al.,
2001 ; Fernandez et al., 2000 ; Fernandez et al., 2002]. Le réseau structural principal de
cette région inclut des systémes de failles NW et NNE obliques a 1’orogene [Mpodozis et
al., 1995]. Abels et Bishoff, [1999] en utilisant les données de rotations publiées de la région
de Copiapo et 'interprétation de linéaments d’images satellites, ont proposé un mécanisme
de déformation qui expliquerait les rotations horaires de ce segment de la zone d’avant-arc.
Ce mode¢le simple, considére que des structures préandines, d’orientation NW ont été
réactivés en failles sénestres pendant I’Eocéne (model domino). Toutefois, ce modéle n’est
pas cohérent avec les études géologiques de terrain, ou on ne reconnait pas clairement de
‘structures réactivées’ [Cornejo et al., 1993 ; Tomlinson et al., 1994]. Cette idée que la
tectonique du nord du Chili ait été influencée par des structures préandines d’orientation
NW n’est pas nouvelle [voir Salfity, 1985], mais jusqu’a présent il n’y a pas de preuves

concretes de terrain qui permettent de suggérer 1’existence ‘réelle’ de ces ‘linéaments’.

Développement de I’orocline bolivien dans I’espace et dans le temps.

Bien que notre travail et d’autres études récentes aient permis de mieux définir I’age des
rotations et d’en connaitre leur distribution spatiale et magnitude, le mécanisme et 1’origine
de ces rotations ne sont pas encore bien compris. Les modifications que nous avons

effectuées aux algorithmes de Rouby et al. [1993a] et Bourgeois et al. [1997] ont permis de
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considérer les données de raccourcissement et rotation tectonique disponibles des Andes
Centrales pour établir des modeles tectoniques de I’ évolution de I’Orocline Bolivien. Bien
que les modeles présentés doivent étre considérés comme préliminaires, quelques idées sur
les processus de premier ordre qui contribuent au développement de I’orocline peuvent étre

mentionnées.

Dans tous les modéles effectués on observe une relation directe entre la quantité de
raccourcissement dans 1’orogeéne et la quantité de rotation observée dans la marge.
Néanmoins, si on considére, seulement le raccourcissement Mioceéne Supérieur-Pliocéne
dans la Zone Subandine il n'y a pas une modification importante de la géométrie de la
marge. Ainsi, les rotations observées dans la marge ne peuvent pas étre expliquées
considérant seulement la déformation plus jeune ou plus lointaine, ou de thin-skin qui
affecte (principalement) la zone Subandine. Au contraire, si on considére le
raccourcissement dans la Cordillére Orientale, dii @ déformation thick-skin et d'une partie de
" Altiplano-Puna on observe une importante variation dans la géométrie de la marge. Les
rotations observées aprés la restauration sont cohérentes avec les données
paléomagnétiques dans l'avant arc du Pérou, mais, pour l'avant arc du nord du Chili on
obtien, seulement, une rotation horaire maximum entre 10-20°. Cette rotation est inférieure

aux données paléomagnétiques publiées et démontre une contribution locale significative.

La variabilité spatiale et la grande magnitude des rotations dans la marge Chilienne suggeérent
la contribution de deux processus superposeés.

(1) Pendant le Paléogene (phase Incaique) se seraient produit des rotations horaires
entre 20-30°, contrdlées principalement par la tectonique locale de la marge (par
exemple : 1’activité des failles d’orientation NE décrites dans la région
d'Antofagasta).

(2)Postérieurement (ou simultanément), durant la déformation qui a donné
naissance a la Cordillére Orientale s'est produit la rotation globale de toute la

marge. De cette manicre les rotations locales ont été augmentées de 15-25°.
L'important déplacement vers le nord de ~50 km de la marge du Chili observé dans les
modeles de restauration est cohérent avec la direction de convergence oblique dextre

documentée pendant le Paléogene. La cinématique de la déformation dans les limites des
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plaques est principalement contrélée par la direction et magnitude du vecteur de
déplacement relative en rapport a la direction de la limite des plaques [McKenzie et
Jackson, 1986; Tikoff et Teyssier, 1994; Braun et Beaumont, 1995; Saint Blanquet et al.,
1998; Burbridge et Braun, 1998]. Une haute vitesse relative et un angle de convergence
oblique entre les plaques de Nazca et sud-américaine [Pilger, 1984; Pardo-Casas et
Molnar, 1987] ont résulté en mouvement décrochant dans le syst¢tme de Failles de
Domeyko pendant 'Eocéne Supérieur [Scheuber et Reutter, 1992; Reutter et al.,
1991,1993,1996; Scheuber et al., 1994]. La convergence oblique pendant 'Eocéne Oligocéne
aura pu étre divisé dans une composante normal a l'arc, qui a produit raccourcissement et
¢paississement a travers des failles inverses et une composant parallele a l'arc, qui a causé le
déplacement dextre parallele au systéme de Domeyko. Raccourcissement et épaississement
a porté a la hausse du Systéme de Domeyko et & une érosion d'au moins de 4 a 5 km

[Maksaev et Zentilli, 1999].

L’¢tude de la déformation ductile des intrusives minéralisés de Chuquicamata, indiquent que
leur mise en place c’est produite en étroite relation avec des failles décrochantes du systéme
de failles de Domeyko (Faille Ouest) durant I'Eocéne Oligocéne. Lindsay et al., [1995],
Lindsay, [1998] et Maksaev, [1990] ont proposé que, a Chuquicamata, un régime dextre a
persisté pendant 1'Eocéne-Oligocéne. Cependant, Tomlinson et Blanco [1997a,b] ont
suggéré que 1'épisode dextre a été un événement de courte durée, et que le mouvement
senestre a prédominé depuis 1'Oligocene. Des déplacements senestres de 25 kilometres
[Reutter et al., 1996] a 35 kilométres [Dilles et al., 1997; Tomlinson et Blanco, 1997a,b] et
40 kilometres [Ambrus, 1979] ont été estimés pour la Faille Ouest dans la région de
Chuquicamata. Peut-étre si on considere que la déformation a été non seulement concentrée
dans la Cordillére de Domeyko, si non dans tout I'avant arc et on considére aussi les
rotations horaires, comme le montre notre étude, les déplacements senestres dans la
Cordillére de Domeyko peuvent étre conciliés dans un contexte de subduction oblique

dextre.

Conclusions

L’étude géologique du bassin d’ Atacama montre que la déformation compressive dans les

Andes Centrales a commencé depuis le début du Crétacé Supérieur. La compression dans
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I’arriere arc Crétacé Supérieur - Paléogeéne a favorisé l'inversion des bassins d’arriére-arc
formés pendant le Jurassique-Crétacé Inférieur et 1'accumulation de dépdts syntectoniques
dans le bassin d'Atacama. Durant le Paléogene s’est produit un important soulévement de la
Cordillere de Domeyko associé a des rotations horaires dans la Cordillere de Domeyko et la
Vallée Centrale de la région d’Antofagasta. Les données paléomagnétiques obtenues
montrent des rotations horaires systématiques jusqu’a 65° dont la magnitude est
indépendante de 1’age des séries étudiées. Notre étude suggeére qu une importante zone de
cisaillement transpressif dextre d’orientation NE-NNE a contr6lé I’ampleur des rotations a
I’est d’Antofagasta. La relation apparente entre les rotations tectoniques et I’orientation
des structures (failles) régionaux suggeére que les rotations se sont probablement produite di
a des différences dans la quantité¢ de raccourcissement EW le long de la marge chilienne
pendant la phase Incaique a 1’Eocéne - Oligocéne Inférieur. La large distribution de ces
rotations dans le Nord du Chili implique que la déformation Incaique est un événement
tectonique d’importance régionale et non seulement local, lié a la déformation dans la

Cordilleére de Domeyko.

Les modéles de restauration en carte de 1’Orocline Bolivien sont cohérents avec des études
récentes qui montrent que durant 1’Oligoceéne la déformation était concentré dans la
Cordillere Orientale et montre que les rotations observées dans la marge ne peuvent pas
s’expliquer en considérant seulement la déformation Miocene qui affecte surtout la Zone
Subandine. La courbure oroclinale implique une rotation globale horaire de 1’avant arc du
nord du Chili de 10-20° mais la plus grande quantité des rotations observées dans I'avant arc
du nord du Chili par rapport au Pérou peut étre expliquée comme la somme de une
composante associée a la tectonique locale du Paléogéne et une rotation globale de toute la
marge pendant 'Oligocéne. En conclusion, le raccourcissement pré Néogene est sans doute
significatif dans I’avant arc et doit étre pris en compte dans les modeles tectoniques qui

essayent d’expliquer I’actuelle épaisseur de la croiite continentale des Andes Centrales.
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