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RESUME

La compréhension de la dynamique des processus tectoniques qui ont conduit a la
formation de la cordillére des Andes s’appuie sur I'é¢tude de l'enregistrement sédimentaire
des bassins d'avant-pays, d’avant-arc et intra-arc situés au pied de la chaine. Ces travaux ont
conduit a proposer différents modeles d’évolution du systéme orogénique andin. Cependant,
I'nistoire de I'évolution du segment le plus méridional des Andes, celui des Andes du sud de
la Patagonie, reste mal connue et mal comprise. Cette these constitue une étude du bassin
d'avant-pays Magellan-Austral (situé entre 51°15° S et 53°39” S). Son objectif est de mieux
caractériser I'évolution tectonique des Andes de Patagonie méridionale. Pour cela, il a été
nécessaire d’utiliser une approche pluridisciplinaire intégrant différents types de données,
afin d’obtenir des informations qualitatives et quantitatives permettant de mieux connaitre

I'histoire tectonique du prisme orogénique.

Cette thése s'appuie sur des observations de terrain (directions de paléocourants,
épaisseurs et descriptions pétrographiques des unités sédimentaires), sur des données de
subsurface (épaisseurs inter-horizons, diagraphies, géométrie et continuité des réflecteurs
sismiques) et sur des analyses de laboratoire (concentrations en éléments chimiques et en
isotopes, traces de fission). Ces observations et ces mesures ont permis :

= d’estimer les ages maximums de dépot des sédiments et d’analyser I’évolution
temporelle de I'arc magmatique.

= d’analyser les facies sédimentaires en termes de sismostratigraphie et de stratigraphie
séquentielle.

= de faire une analyse qualitative et quantitative des provenances sédimentaires
(comptes modaux des conglomérats et des gres, géochimie sédimentaire, ages U-Pb
des zircons détritiques).

= de cartographier les épaisseurs stratigraphiques dans le bassin (isopaques) et la
subsidence associée.

= e caractériser la structuration de la chaine plissée et faillée et son exhumation, a
I’aide d’analyses thermochronologiques (traces de fission et mesures des

concentrations U-Th/He dans les apatites détritiques).

Les résultats obtenus permettent d'affiner le cadre chronostratigraphique du bassin
Magellan-Austral (a I'exclusion de sa partie située en Terre de Feu). Ce cadre constitue une
base permettant d’intégrer les connaissances géologiques acquises dans les différentes



parties du bassin et d'identifier des hiatus dans 1’enregistrement stratigraphique. Sept
séquences tectono-stratigraphiques de troisieme ordre ont été identifiées. Elles marquent la
réponse sédimentaire aux différents stades d’évolution du prisme orogénique andin. Au
cours du stade le plus précoce de formation du bassin d'avant-pays, qui débute vers 114 Ma
dans la région du détroit de Skyring et de la péninsule du Nouveau-Brunswick (entre 52°20°S
et 53°40°S), un large espace d’accommodation apparait en réponse a la subsidence flexurale
de la plaque. Il conduit & I'établissement d'environnements marins profonds (bassin sous-
alimenté). Le remplissage progressif de la fosse d’avant-pays et le passage a des
environnements de dép6t moins profonds se produit progressivement a partir du Campanien.
A cette époque, I'érosion du socle s'accentue dans la partie la plus interne du prisme
orogénique en réponse a la réactivation de failles normales préexistantes (prisme sous-
critique) alors que simultanément, de facon surprenante, la subsidence liée a la flexure de la
plaque diminue. Cet épisode de remplissage de la fosse d’avant pays, associé a la réduction
de la subsidence et a I’érosion accrue de la chaine naissante, est attribuée & un phénomene
de rebond isostatique résultant du détachement de la crolte océanique dense du bassin de
Rocas Verdes qui s’était formée pendant la phase extensive jurassique. La premiere et la
plus vaste transgression marine atlantique se produit au cours du Maastrichtien-Danien. Elle
résulte d’une subsidence flexurale accélérée, amplifiée par l'effet combiné de la subsidence
dynamique, et conduit au rétablissement d'environnements marins profonds dans l'avant-
pays. Cette phase de charge tectonique importante, qui dure jusqu'au début de I'Eocéne,
entraine un élargissement du prisme orogénique (prisme supercritique) et une migration
rapide de l'avant-pays vers l'est, & mesure que se développe un systeme de plis et
chevauchements associés a un niveau de décollement situé dans les lutites du Crétacé
inférieur. L'Eocéne moyen enregistre le passage progressif a des dépbts plus superficiels et
se caractérise par une tendance a la surrection (diminution de la flexure), une érosion accrue
du prisme orogénique et une accalmie de l'arc magmatique qui était resté actif jusqu'au
Paléocéne. Cette période de quiescence tectonique résulte de la subduction de la dorsale
Farallon-Aluk (Phoenix), qui interrompt la compression et I'activité de I'arc magmatique,
déclenche un rebond isostatique généralisé et le basculement vers l'est du systeme de
chevauchement développé précédemment. La derniere phase tectonique de contraction (et
de flexure) se produit entre la fin de I'Eocéne et la fin de I'Oligocéne. Elle coincide avec le
début de l'ouverture du passage de Drake et I’expansion océanique de la plaque Ouest-Scotia,
dans un contexte de convergence fortement oblique. Elle est marquée par des épisodes
ponctuels de subsidence, créant un espace d’accommodation accru qui permet le dépdt de

sédiments marins de plateforme, dans un contexte qui est sinon dominé le dépdt de series
ii



encore moins profondes, marines et continentales. Ces séries recouvrent un domaine bien
plus vaste que l'avant-pays et vont jusqu'a enterrer la zone de rebond flexural (passage a un
bassin sur-alimenté). La déformation se caractérise a la fois par I’inversion de failles de socle
extensives, et par le développement d’un niveau de décollement plus superficiel situé dans
les couches de I'Eocéne inférieur qui conduit & ’apparition de plis par propagation de faille
et de rétro-chevauchements. De plus, une exhumation régionale généralisée affectant a la
fois le prisme orogénique et le bassin d'avant-pays se produit a la fin de I'Oligocéne. Cette
exhumation se poursuit jusqu'au début du Miocéne. Elle marque la phase finale du stade de
bassin d'avant-pays et I'arrét de la déformation compressive. L’arc magmatique transitionnel
calco-alcalin a alcalin migre vers I'est a cette époque et interfére avec la sédimentation de
dépOts continentaux grossiers post-orogéniques qui progradent rapidement bien au-dela de
I’ancien forebulge, ou la subsidence dynamique se concentre. La subsidence dynamique et
les changements eustatiques jouent un role important sur les transgressions marines du
Miocéne. L'arrét du régime compressif et le 1éger basculement régional vers l'est, ainsi que
I'exhumation généralisée et la migration vers l'est de I'arc magmatique transitionnel,
permettent de relier 1’évolution géologique du Miocene inférieur a la subduction de la
dorsale du Chili. Enfin, a la fin du Néogéne, on observe une autre phase d'exhumation due

aux processus d'érosion glaciaire ou fluvioglaciaire.

Mots clés : Andes ; Patagonie ; Bassin Magellan-Austral ; Bassin d'avant-pays ; Provenance
sédimentaire ; Subsidence ; Sédimentologie ; Tectonique ; Subduction de dorsale ;

Thermochronologie ; Exhumation.



ABSTRACT

The understanding of the dynamics of the tectonic processes that have given rise to
the orogenic build of the Andean mountain range has been improved by the study of the
sedimentary record of the linked foreland, fore-arc and intra-arc basins. The latter has given
rise to different hypotheses that attempt to explain the evolution of the Andean orogenic
system. However, the complex southernmost Andean segment, the Southern Patagonian
Andes, still lacks a comprehensive understanding of its evolution history. Therefore, this
thesis focuses on the study of the Magallanes-Austral foreland basin (51°15” S to 53°39” S),
to offer greater clarity on the tectonic evolution of the Southern Patagonian Andes. To this
purpose, it is required to use an integrative approach that involves multidisciplinary methods
and different types of data sources to obtain both qualitative and quantitative information on
the tectonic history of the orogenic wedge. This thesis takes advantage of data measured in
outcrops (paleocurrent directions, thicknesses, petrographic descriptions), in the subsurface
(thicknesses between horizons, well logs response, geometry and continuity of seismic
reflectors), and in the laboratory (concentration of chemical elements and isotopes, and
fission tracks counts), which constitute the basis for:

= Estimation of maximum deposition ages and analysis of the magmatic arc tempo.

= Facies, seismo-stratigraphic and sequential stratigraphic analysis.

= Qualitative and quantitative analysis of sedimentary provenance (including modal
counting of conglomerates and sandstones, sedimentary geochemistry, detrital
zircons U-Pb ages).

= Analysis of subsidence and distribution of stratigraphic thicknesses in the basin
(isopachs).

= Structural geological analysis and exhumation timing (through detrital apatites
fission tracks and U-Th/He thermochronology) of the folded and extended belt.

The results obtained allow the refinement of the chronostratigraphic framework of
the Magallanes-Austral basin (excluding Tierra del Fuego), which forms the basis for the
integration of geological knowledge of different parts of the basin and a fundamental
criterion for the identification and quantification of the hiatus present in the stratigraphic
record. Seven 3" order tectonostratigraphic sequences were identified, which represent the
sedimentary response to the orogenic wedge evolution stages of the Southern Patagonian
Andes. During the early foreland stage, which is estimated to have started ca. 114 Ma in the

Skyring Sound-Brunswick Peninsula area (52°20”S to 53°40”’S), an ample accommodation
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(due to flexural subsidence) develops in the foredeep allowing the establishment of deep
marine environments (underfilled basin). A progressive filling and shallower depositional
environment occur from the Campanian when erosion is accentuated in an emerging
orogenic wedge of basement concentring deformation in its innermost part through the
reactivation of pre-existing normal faults (subcritical wedge state). Simultaneously, and anti-
intuitively, the flexural subsidence decreases. This increasingly sediment-clogged foredeep,
accompanied by decreasing subsidence and enhanced erosion of the incipient fold-and-thrust
belt, is attributed to an isostatic rebound process due to detachment of the dense oceanic
crust generated during the extensional phase of the predecessor Rocas Verdes Basin. During
the Maastrichtian-Danian, took place the first and most extensive Atlantic marine
transgression, which was favoured by accelerated flexural subsidence (intensified by the
combined effect of dynamic subsidence) that allowed the re-establishment of deep marine
environments in the foredeep. This prominent tectonic loading stage, which lasted up to the
early Eocene, resulted in a broadening of the orogenic wedge (supercritical wedge state) and
rapid eastward foredeep migration as an imbricated thrust and fault propagation fold system
developed. The detachment levels by this time were located in Lower Cretaceous shales. The
middle Eocene is characterized by the progressive shallowing of the depositional system, a
tendency to negative flexural subsidence rates (uplift), increased erosion of the orogenic
wedge and a magmatic arc lull (active until the Paleocene). This period of quiescence
tectonic is related to the effect of the Farallon-Aluk (Phoenix) ridge subduction, which
interrupted the compression and magmatic arc activity, triggering a generalized isostatic
rebound and eastwards tilting of the previously developed imbricate thrust system. The last
contractional tectonic phase (and flexural loading), occurs between the late Eocene and late
Oligocene, coinciding with the beginning of the opening of the Drake Passage and spreading
of the West Scotia Sea and highly oblique convergence. It is marked by punctual subsidence
pulses, drivers of enhanced accommodation hosting shelf environments in a context that is
otherwise dominated by even shallower marine and continental depositional systems, which
prograde far beyond of the foredeep until burying the forebulge (transition an overfilled
basin). The deformation is characterized by both reactivation of extensional faults in the
basement and a jump to more superficial levels of detachment in lower Eocene strata,
developing fault propagation folds and backthrusts. Further, a generalized exhumation of the
orogenic wedge and the foreland basin is recorded by the end of the Oligocene. This
exhumation continues until the early Miocene, portraying the final phase of the foreland
basin stage and the cessation of active compressional deformation. A transitional calc-

alkaline to alkaline magmatic arc migrated eastward, impacting the concomitant
Vv



sedimentation of coarse post-orogenic continental deposits that rapidly prograde far beyond
the forebulge, where a dynamic subsidence is concentrated (net overfilled basin). Dynamic
subsidence and eustatic changes acquire a more important role on the Miocene marine
transgressions. The cessation of the compressive regime and only a slight tilt to the east,
generalised exhumation and eastward migration of the transitional magmatic arc, motive to
establish a causal relationship with the Chilean ridge subduction. Finally, for the late
Miocene, another exhumation phase is recorded, which is related to glacial or fluvioglacial

erosion processes.

Keywords: Southern Patagonian Andes; Magallanes-Austral; Foreland Basin; Sedimentary
provenance; Subsidence; Sedimentology; Tectonics; Ridge subduction; Thermochronology;

Exhumation.
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RESUMEN

La comprension de la dinamica de los procesos tectonicos que han dado lugar a la
construccion orogénica de la cordillera de los Andes, ha sido favorecida por el estudio del
relleno sedimentario de las cuencas de antepais, ante-arco e intra-arco asociadas. Lo
anterior, ha dado lugar a diferentes hipotesis que intentan explicar la evolucion del sistema
orogénico Andino. No obstante, el complejo segmento andino mas austral, los Andes
Patagonicos del Sur, adolocen aun de un entendimiento exhaustivo sobre su historia
evolutiva. Por lo tanto, esta tesis se enfoca en el estudio de la cuenca de antepais Magallanes-
Austral (51°15”S a 53°39”S), con el propdsito de ofrecer mayor claridad sobre la evolucién
tectonica de los Andes Patagonicos del Sur. A tal efecto, se requiere utilizar un enfoque
integrativo gque involucre métodos multidisciplinarios y diferentes tipos de fuentes de datos
para obtener informacion tanto cualitativa y cuantitativa sobre la historia tectonica de la cufia
orogeénica. En esta tesis se toma ventaja de datos medidos en afloramientos (direcciones de
paleocorrientes, espesores, descripciones petrogréaficas), en el subsuelo (espesores entre
horizontes, respuesta de registros de pozos, geometria y continuidad de reflectores sismicos)
y en laboratorio (concentracion de elementos quimicos e is6topos, y conteo de trazas de
fision), los cuales consituyen la base para:

= Estimacion de edades maximas de depositacion y analisis del tempo del arco
magmatico.

= Anadlisis de facies, sismoestratigrafico y estratigrafico secuencial.

= Analisis cualitativo y cuantitativo de proveniencia sedimentaria (incluyendo conteo
modal de conglomerados y areniscas, geoquimica sedimentaria, edades U-Pb de
circones detriticos).

= Anadlisis de subsidencia y de distribucion de espesores estratigréaficos en la cuenca
(is6pacos).

= Analisis geoldgico estructural y temporalidad de la exhumacién (por medio del
analisis termocronologicos de trazas de fision y U-Th/He en apatitos detriticos) de

la faja plegada y corrida.

Los resultados obtenidos permiten el refinamiento del marco cronoestratigrafico de
la cuenca de Magallanes-Austral (excluyendo Tierra del Fuego), el cual conforma la base
para la integracion del conocimiento geoldgico de diferentes partes de la cuencay un criterio
fundamental para la identificacion y cuantificacion de los hiatos presentes en el registro

estratigrafico. Se identificaron 7 secuencias tectonoestratigaficas de 3% orden, las cuales
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constituyen la respuesta sedimentaria a las diferentes etapas evolutivas de la cufia orogénica
de los Andes Patagonicos del Sur. Durante la etapa méas temprana de antepais, la cual se
estima pudo haber inciado ca. 114 Ma en el &rea de Seno Skyring-Peninsula Brunswick
(52°20’S a 53°40”S), se desarrolla una amplia acomodacion (por subsidencia flexural) en la
antefosa permitiendo el establecimiento de ambientes marinos profundos (etapa de cuenca
hambrienta). El relleno de la antefosa y somerizacion de los ambientes depositacionales
sucede de manera progresiva a partir del Campaniano, cuando se acentua la erosion en una
cufia orogénica de basamento emergente que concentra la deformacion en su parte mas
interna mediante la reactivacion de fallas normales pre-existentes (estado de cufia subcritica)
pero anti-intuitivamente simultdneamnte disminuye la subsidencia flexural. Esta etapa de
colmatacion de la antefosa, reduccion de la subsidencia y erosién de la prematura faja
plegada y corrida, es atribuida a un proceso de rebote isostatico por desprendimiento de la
densa corteza oceanica generada durante la fase extensional de la predecesora Cuenca de
Rocas Verdes. Durante el Maastrichtiano-Daniano, toma lugar la primera y méas extendida
transgresion marina del Atlantico, la cual fue favorecida por un incremento acelerado de la
subsidencia flexural (intensificado por el efecto combinado de subsidencia dindmica) que
permitio de nuevo el establecimiento de ambientes marinos profundos en la antefosa. Este
estadio de carga tectonica prominente, que se extiendid hasta el Eoceno inferior, se manifestd
como un ensanchamiento lateral de la cufia orogénica (estado de cufia supercritica) que
condujo a una migracién rapida de la antefosa hacia el este, a medida que se desarrollaba un
abanico imbricado de corrimientos y pliegues por propagacion de fallas con nivel de
despegue situado en estratos lutiticos del Cretacico Inferior. EI Eoceno medio se caracteriza
por la progresiva somerizacién del sistema depositacional, tendencia a la inversion de las
tasas de subsidencia flexural (alzamiento), aumento de la erosién de la cufia orogénica y un
apagado del arco magmatico (activo hasta el Paleoceno). Este periodo de quietud tectdnica
se relaciona con el efecto de la subduccion de la dorsal activa de Farallon-Aluk (Phoenix),
el cual interrumpid la compresion y actividad del arco magmatico, desencadenando una
respuesta de rebote isostatico generalizado y basculamiento hacia el este del abanico
imbricado desarrollado previamente. La Gltima fase tectonica compresiva (carga flexural),
se desarrolla entre el Eoceno tardio y Oligoceno tardio, coincidente con el inicio de la
apertura del Paso de Drake y del mar de Scotia Oeste. Estd marcada por pulsos puntuales de
subsidencia, gatillantes de mayor acomodacion albergando ambientes marinos de plataforma
en un contexto que de otra forma estd dominado por sistemas depositacionales marinos cada
vez mas someros a continentales que progradan mas alla de la antefosa hasta sepultar el

bulbo periférico (transicion a etapa de cuenca sobrellenada). La deformacion esta
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caracterizada tanto por reactivacion de fallas extensionales en el basamento y un cambio a
un nivel de despegue mas superficial en estratos del Eoceno inferior, desarrollando pliegues
por propagacion de fallas y retrocorrimientos. Adicionalmente, se registra una exhumacion
generalizada de la cufia orogénica y de la cuenca antepais para finales del Oligoceno. Esta
exhumacion continta hasta el Mioceno temprano, retratando la fase final de la etapa de
cuenca antepais y cese de la deformacion activa compresional. Un arco magmaético
transicional migré hacia el este, impactando la concomitante sedimentacion de depositos
continentales gruesos post-orogenicos que progradan rapidamente mas alla del bulbo
periférico, donde se concentra una subsidencia dinamica (etapa de cuenca sobrellenada neta).
La subsidencia dindmica adquiere un rol principal junto con los cambios eustaticos para
facilitar las transgresiones marinas del Mioceno. El cese del régimen compresivo y tan sélo
un ligero basculamiento hacia el este, generalizada exhumacion y migracion hacia el este del
arco magmatico de naturaleza transicional, incitan a establecer una relacién causal con la
subduccion de la dorsal de Chile. Finalmente, para el Mioceno tardio, se registra otra fase

de exhumacion la cual se relaciona a procesos de erosion glaciar o fluvio-glaciar.

Palabras claves: Andes Patagénicos del Sur; Magallanes-Austral; Cuenca de antepais;
Proveniencia sedimentaria; Subsidencia; Sedimentologia; Tecténica; Subduccion dorsal;

Termocronologia; Exhumacion.
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CHAPTER I-1:
GENERAL INTRODUCTION

Chapter 1-1 presents an introduction to the subject of study, pointing out the
subcontinental-scale geological setting of the research area, objectives, and research
questions to be addressed. First, the Andes orogen is approached as one of the most important
worldwide Cordilleran systems, followed by a succinct description of the different models
that explain its construction. Then, the Magallanes-Austral foreland basin is presented beside
the state-of-the-art of its tectonic and sedimentary evolution. Ensuing, the research questions
are posed, which constitute the basis of the scientific motivation of this thesis.
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I-1.1 Geological context of the Andes

The Andes (Fig. 1) are the most extensive active orogenic system in the world, and
its development has long been considered by a simple set of subductions of an oceanic crust
beneath a continental margin (Dewey and Bird, 1970; Ramos, 2009), but in fact, the Andean-
style orogeny is related to radical changes in plate boundary conditions (Mpodozis and
Ramos, 1989; Ramos 2009; Armijo et al., 2015). The latter conditions are expressed as a
complex series of subduction of different types of oceanic crust (e.g., oceanic plateaux,
aseismic ridges, and microplates), terrane accretions, spreading ridge collisions, tectonic
erosion, and flat-slab subduction. A morphostructural segmentation is evident along the
Andean orogen (Fig. 1): the northern, central, and southern Andes. Although these discrete
segments of the Andes share similar processes during their conformation (i.e., Mesozoic
extensional phase, flat-slab subduction, climatic control, etc.), each of them has undergone
a complex and unique tectonic evolutionary history that differentiates them from the others

(see Ramos, 2009, for a review).

Over the years, many authors have tried to explain the mechanisms that have
controlled the Andes’ complex evolution and proposed models generalising the complete
orogen. Ramos (2009) propose a conceptual model of the Andean orogenic cycle (Fig. 2),
which begins after a quiescent period of deformation and magmatism followed by migration
and expansion of the magmatic arc, which forces the orogenic front and its associated
foreland basin to migrate eastward during the shallowing of the subduction angle. Once the
flat subduction is fully established, a broken foreland basin develops while accentuated
cortical shortening occurs. Subsequent steepening of the slab led to an extensional collapse
of the orogen accompanied by crustal and lithospheric delamination and thermal uplift. The
latter facilitates lower crustal ductile contraction and thin-skinned fold and thrust-belt

formation in the adjacent foreland.
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Figure 1. Plate tectonics context and morphotectonic segmentation of the Andes. The Chilean Triple Junction
(CTJ) split the Southern Andes into the Northern Patagonian Andes (NPA) and the Southern Patagonian Andes
(SPA).

The Cordilleran cyclicity model, proposed by DeCelles et al. (2009, 2015), states that
a cyclical removal of thickened orogenic roots (e.g., eclogite bodies under the Altiplano
Plateau) in addition to transient periods of shallowing and steepening of the subducting slab
acting over a temporal framework of ~25 to 50 Myr exert a strong control in the dynamic of
the entire orogen (e.g., flux and composition of arc magmatism, rates of crustal shortening

and surface uplift, and foreland basin sedimentation) (Fig. 3).
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ANDEAN OROGENIC CYCLE Flat-slab subduction, magmatic null, and deformation

& &
Crustal deformation TS

Quiescence, no deformation and incipient arc magmatism

Figure 2. Idealised tectonic evolution of a typical Andean orogenic cycle sensu Ramos (2009), which
comprise: A. Quiescence absence of deformation, and incipient arc magmatism; B. Expansion of the magmatic
arc and related deformation; C. Shallowing of the subduction zone and crustal thickening; D. Flat-slab
subduction, magmatic lull and deformation; E. Steepening of subduction and extensional collapse; F. Retreat
of arc magmatism and crustal and lithospheric delamination; G. Uplift and final foreland deformation. ML =
lithospheric mantle.

On the other hand, Horton and Fuentes (2016) and Horton (2018b) propose that
spatial and temporal variability in phases of Andean evolution can be linked to the degree of
mechanical coupling or decoupling along the subduction zone, which is related to changes
in convergence and variations in slab subduction angle (Fig. 4). The different degrees of
mechanical coupling trigger episodic contractional, neutral and extensional tectonic regimes
in the Andes orogenic system. More recently, Martinod et al. (2020) proposed a model of
growth and widening of the Andes strongly controlled by the geometry of the subducting
slab. In this model, horizontal subduction triggers the growth of a second crustal wedge in
the continent’s hinterland, which widens the Andean and displaces the shortening and
foreland basin eastward. This second crustal wedge is distinct from the first crustal wedge

developed near the trench during normal-angle slab subduction.

All those previous models are intended to explain the evolution of the Andes
mountain in any latitude. However, most of them are based on comprehensive studies on the
tempo and style of shortening, magmatism dynamics, exhumation and surface uplift, and

basins evolution around the central and southern-central part of the Andes. In contrast, in the
5
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Southern Patagonian Andes (Fig. 1), one of the poorest studied zones in the Andean
Cordilleran system, any recent models have never been thoroughly tested. Instead, other
hypotheses (described in chapter V-1) have rooted that attempt to reconcile the complex
geodynamic evolution of the Patagonian region to explain the evolution of this segment of
the Andes.

C. HFE

Retroarc

~ A. Early Recharge ¥

Asthenosphere

Legend

1. Thickening of hinterland lithosphere 11. Forearc normal faulting and collapse

2. Internal shortening, slow forward propagation of thrust belt 12. Forearc tectonic erosion

3. Forearc subsidence, sediment accumulation 13. Forearc underplating

4. Magmatic arc lull 14. Eclogite removal by delamination and RTI

5. Magmatic recharge & metamorphism, eclogite development 15. Increased interplate coupling

6. Internal shortening in thrust belt 16. Regional isostatic uplift of hinterland (<1 km)

7. Underthrusting of craton 17. Rapid forward propagation of retroarc thrust belt
8. Upper-crustal shortening 18. Rapid forward migration of foreland flexural wave
9. High-flux arc magmatism 19. Mafic magmatism associated with extension

10. Subsidence of hinterland bobber basins 20. Inversion of bobber basins

Figure 3. Idealised evolution of an Andean-type orogen (Cordilleran orogenic systems) sensu DeCelles et al.
(2009, 2015), which comprises: A. Early-stage of retroarc underthrusting and development of an incipient arc;
B. Development of an eclogite root beneath the arc causing a regional isostatic depression of surface elevation,
and internal underplating and duplexing in the forearc and retroarc wedges; C. Development of an arc with
high-flux episodes (HFE) and eclogite root foundering; D. Regional uplift by upwelling asthenosphere, and
outward propagation of the flanking orogenic wedges, upper-crustal extension and ignimbrite flare-up.
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Figure 4. Idealised evolution of Andean-type orogens and tectonic regimes linked to variables modes of
mechanical plate coupling sensu Horton (2018b). (a) Coupled margin with shortening and thick, coarse-grained
foreland basin fill. (b) Neutral margin with no deformation and thin, fine-grained foreland basin fill. (c)
Decoupled margin with extension and no foreland basin accommodation.

I-1.2 The Magallanes-Austral Basin: a key to unravel the
Patagonian Andes evolution

Understanding  stratigraphic  architecture, depositional systems, sediment
provenance, sedimentation and subsidence rates in foreland basin systems provides insights
into changes in stress regime, patterns of deformation and exhumation within the coupled
orogenic wedge (Heller et al., 1988; Jordan, 1995; DeCelles and Giles, 1996; Catuneanu,
2004; Horton, 2018a). Therefore, the study of the Magallanes-Austral foreland basin (Fig.
5a) is key to reconstructing the history of the Southern Patagonian Andes building. In
addition, the stratigraphic record of the Magallanes-Austral basin has proved to be very
sensitive to changes in the tectonic regimes (Biddle et al., 1986; Wilson, 1991; Olivero et
al., 2003; Fildani et al., 2003; Fildani and Hessler, 2005; Barbeau et al., 2009; Klepeis et al.,
2010; McAtmney et al., 2011; Aramendia et al., 2019; Rivera et al., 2020; Leonard et al.,
2020; Fosdick et al., 2020). For example, many previous studies have suggested the
association of first- to second-order prograding shallowing cycles and major intervening
transgressions as direct evidence of intensified tectonic activity in the orogen and subsidence

in the basin (Ramos, 1982, 1989; Cuitifio and Scasso, 2010, 2012; Ghiglione et al., 2014,
7
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2016; Gutiérrez et al., 2017; Torres Carbonell and Olivero, 2019; Armendia et al., 2019;
Rivera et al., 2020; Fosdick et al., 2020). Similarly, the sedimentary evolution of the basin
has been critical to providing temporal and kinematics constraints for interpreting the fold
and thrust belt evolution (Ghiglione and Ramos, 2005; Torres Carbonell et al., 2008; Fosdick
etal., 2011; Ghiglione et al., 2014; Betka et al., 2015; Fosdick et al., 2020).

In the following, | synthesise the tectonic and sedimentary evolution of the
Magallanes-Austral foreland basin and highlight how its stratigraphic record in conjunction
with previous structural studies allows interpretation of the chronology and kinematic of the
deformation in the Southern Patagonian fold and thrust belt.

I-1.2.1 Tectonic and sedimentary evolution of the Magallanes-Austral

basin

Before the dominant compressive period that gave rise to the formation of the
Magallanes-Austral foreland basin (Fig. 5a), the southern Patagonian Andes region
experienced a pre-Andean extensional phase (Fig. 5b). This extensional phase is represented
by the Rocas Verdes Basin (RVB; Dalziel et al., 1974; Dalziel, 1981), which was linked to
the break-up of Gondwana in the Middle to Late Jurassic (Dalziel, 1981; Calderon et al.,
2007), resulting in the formation of an ocean floor, voluminous ignimbrite eruptions, and
enlarged extension in the continental lithosphere (Fig. 5b; Pankhurst et al., 2000; Calderén
et al., 2013). Opening of the marginal RVB was from south to north (as far as 49°S; Fig. 5b),
implicating a south-to-north decreasing magnitude of rifting, age, depth, and stage of
evolution of the oceanic crust (Dalziel et al., 1974; de Wit and Stern, 1981; Calder6n et al.,
2013; Malkowski et al., 2016). The closure of the RVB took place from the end of the Early
Cretaceous until the Late Cretaceous in a north-to-south direction, involving underthrusting
and obduction of its components (Klepeis et al., 2010; Calderdn et al., 2013; Betka et al.,
2015), whose remnants now form part of the Southern Patagonian fold and thrust belt, and
giving place to the development of the Magallanes-Austral foreland basin (Fig. 5b).

Unlike the archetypal Andean foreland basin systems (Jordan et al., 1983; Jordan,
1995; DecCelles, 2012), the Magallanes-Austral foreland basin evolved superimposed to the
extensional Rocas Verdes Basin with a highly attenuated lithosphere (Fosdick et al., 2014).
The Magallanes-Austral basin is a depocenter of ca. 230.000 km? extension and holds more
than 7 km of foreland basin strata (Katz, 1963; Biddle et al., 1986; Ghiglione et al., 2009;

Malumian et al., 2013; Sachse et al., 2015), located in the southernmost tip of South America
8
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and comprising the Patagonian and Fuegian region of Chile and Argentina. The basin is
bounded by the Southern Patagonian and Fuegian Andes (including the Southern Patagonian
and Fuegian Batholiths) to the west and south; the Deseado Massif and the Dungeness-Rio

Chico Granitic Arc along its northeastern and eastern margin, respectively (Fig. 5a).

As a consequence of the inherited palaeobathymetry and differential closure time of
the RVB (Fig. 5b), the onset of the Magallanes-Austral foreland basin history is marked by
a north to south diachronism in sedimentation and subsequent evolution (Romans et al.,
2010; Fosdick et al., 2014; Malkowski et al., 2018; Rivera et al., 2020). Deep-marine coarse
clastic deposition marking the onset of the foreland basin history started as early as ~120 Ma
in the northernmost part of the basin, progressing southward by 93 Ma in the middle part
and by ~89 Ma in the southernmost part of the basin in Tierra del Fuego (Wilson, 1991,
Fildani et al., 2003; McAtamney et al., 2011; Malkowski et al., 2016; Ghiglione et al., 2014;
Sickmann et al., 2018). The weakened lithosphere caused an accentuated subsidence and
narrowing during the early phases of the basin, promoting great accommodation space and
developing a thick, well-developed deep-marine turbidite system (Romans et al., 2010;
Fosdick et al., 2014). A southward directed dispersion of sediments was dominant in the
northern and middle part of the basin but was more complex farther south (McAtamney et
al., 2011). The end of deep-marine sedimentation was reached first in the northernmost part
of the basin from the Albian (~113 Ma; see further details in Varela et al., 2012, Malkowski
et al., 2016, 2017; Sickmann et al., 2018). This transition in depositional systems does not
occur until the latest Cretaceous (~78 — 65 Ma) in the other (southern) parts of the basin,
where the deep-marine turbiditic succession is capped by depositional slope and outer shelf,
which in turn are followed by deltaic-incised valleys systems and shoreface deposits
(Covault et al., 2009; Romans et al., 2011; Schwartz and Graham, 2015; Gutiérrez et al.,
2017; Rivera et al., 2020).

The Cenozoic sedimentary history begins with a prolonged hiatus in the Paleocene-
Eocene of variable duration (~15-33 Myr) depending upon the position in the basin
(Malumian et al., 2000; Fosdick et al., 2015; Gutiérrez et al., 2017; George et al., 2020). This
hiatus indicates either an interruption in sedimentation or cannibalisation of the strata.
However, in the south of the basin, such a hiatus comprise a time-lapse much more modest
of <5 Myr (Rivera, 2017; Torres Carbonell and Olivero, 2019). Above the Paleocene-Eocene
hiatus, a generalised shallow marine sedimentation characterises the remaining Eocene

depositional systems of the northern and central parts of the Magallanes-Austral basin. These

9



First Part >> Chapter 1-1: General Introduction

deposits represent incised valley systems, wave-to-tide-influenced estuaries and tidal-
influenced, coastal plain fluvial systems (Santos-Garcia, 1988; Azcuy and Amigo, 1991,
Casadio et al., 2009; Le Roux et al., 2010; Pearson et al., 2012; Gutiérrez et al., 2017). By
contrast, in the southern reach of the basin, the Paleocene-Eocene is characterised by thick
shales, siltstones, and clay-rich, glauconitic sandstones reflecting an initial deep-marine
turbidite fan system that progressively is replaced by shelf and fluvial-dominated to tide-
influenced deltaic depositional systems (Charrier & Lahsen, 1969; Mella, 2001; Rivera
2017; Rivera et al., 2020). Dominant continental sedimentation was established in the basin
during the Oligocene-Miocene (~33-18 Ma). These continental deposits represented by
coastal plain and braided to meandering fluvial systems were briefly interrupted by the
Patagonian Transgression during the early Burdigalian giving place to deposition of the shelf
and shoreface facies (Malumian and Caramés, 1997; Santos-Garcia, 1988; Marenssi et al.,
2003, 2005; Cuitifio et al., 2012, 2015; Bostelmann et al., 2013; Gutiérrez et al., 2017;
Rivera, 2017). However, at the latitudes of Tierra del Fuego (Fig. 5a), the transition from
marine to continental sedimentation never occurred, while turbiditic fan deposits (in the
foredeep) and deltaic systems (in the wedge-top) persisted up to the end of the whole
evolution of the foreland basin (Ponce et al., 2008; Torres Carbonell and Olivero, 2019). By
14-12 Ma, a regional erosional unconformity, truncates the Magallanes-Austral foreland
deposits and separate it from the late Miocene-Quaternary conglomerates called as the
Rodados Patagonicos (Lagabrielle et al., 2004; Scalabrino et al., 2009; Armendia et al.,
2019). Both the erosional unconformity and the Rodados Patagonicos have been interpreted
as the cessation of the compression and foreland basin sedimentation phase in the region and

the regional uplift of continental Patagonia (Guillaume et al., 2013; Ghiglione et al., 2016).

10
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Figure 5. A. Simplified morphotectonic map of the Magallanes-Austral Basin. The black dashed-line box
indicates the location of the study areas (see details in Fig. 6). Red isopach lines are the depth to top-Tobifera
Formation (Late Jurassic). B. Geographic distribution of the Rocas Verdes Basin and schematic representation
of different closure stages (1=final basin stage; 2= westward underthrusting of oceanic crust; 3= obduction and
foreland basin formation) during the Late Cretaceous (modified from Klepeis et al., 2010).

I-1.2.2 Chronology of the fold and thrust belt deformation

Early works have highlighted that the progression of the deformation and, in general,
the tectonic evolution of the Southern Patagonian Andes is not homogeneous throughout its
full extension (e.g., Suarez, 1976; Ramos, 1989; Ramos and Aguirre-Urreta, 1994; Kraemer,
1998; Suarez et al., 2000a; Diraison et al., 2000). These particularities and differences in its
evolution are due to the different morphostructural conformation of the fold-and-thrust belt

at different latitudes and the structural configuration and basin geometry inherited from the
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previous extensional stage (the Rocas Verdes Basin). Nevertheless, three orogenic and
deformational episodes have been documented in the Southern Patagonian fold and thrust
belt (Coutand et al., 1999; Suarez et al., 2000a; Ghiglione and Ramos, 2005; Fildani et al.,
2008; Ghiglione et al., 2016), namely during the Late Cretaceous, Paleogene-Oligocene, and
post-Miocene. Some deformational episodes are diachronic along the orogen or with a very
loose time constraint. The latter is due to the scarcity of reliable dates for the Cenozoic units
and lack of understanding regarding the evolution of the exhumation/unroofing of the

terrains comprised in the fold and thrust belt.

The Late Cretaceous contractional deformation is related to the final closure of the
RVB and the initiation of Cretaceous foreland basin sedimentation. This event is well
documented in the fold and thrust belt by highly strained rocks and peak metamorphism in
the Canal de Las Montafias (51°-52°S) and the Cordillera Darwin (54°-55°S) by ~86-85 Ma,
as a consequence of obduction of the ophiolite rocks of the RVB in an arc-continent collision
stage (Kohn et al., 1993; Klepeis et al., 2010; Maloney et al., 2011; Calderon et al., 2012).
However, the onset of this deformation may have started much earlier (by ~115-100 Ma) in
some regions of the mountain range, as suggested by the first medium to coarse-grained
sandy turbidite units deposited in the northern part of the Magallanes-Austral basin (49°-51°
S; Wilson, 1991; Fildani et al., 2003; Fildani and Hessler, 2005; Fosdick et al., 2011;
Malkowski et al., 2017).

The second phase of deformation in Paleogene-Oligocene time is by far poorly
constrained based only on structural data. Thin-skinned deformation of the Cretaceous
depocenter is broadly categorised as sometime between 70-27 Ma (Fosdick et al., 2011) in
the Ultima Esperanza Province of the basin (~51°S). Further south (53°S), Betka et al. (2015)
suggest that continued shortening resulted in a series of out-of-sequence thick-skinned
thrusting ranging from Maastrichtian up to Paleocene-Eocene. A similar situation is exposed
in Tierra del Fuego, where basement-involved thrust wedges concomitant with thin-skinned
thrust sheets developed in the internal and external part of the fold-and-thrust belt,
respectively, from the Maastrichtian-Danian up to the late Oligocene (see synthesis in Torres
Carbonell et al., 2020). The Paleocene-Eocene hiatus, which comprise >30 Myr in the
northernmost part of the basin (49°15°S) and <5 Myr in the southernmost part (53°-54°S)
(Malumian et al., 2000; Rivera, 2017; Gutiérrez et al., 2017; George et al., 2020; Torres
Carbonell and Olivero, 2019), have been ascribed as the result of a major deformation event
in the region (Malumian et al.,, 2000; Fildani et al., 2008; Fosdick et al., 2011).

12
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Thermochronological data from the fold-thrust belt in Ultima Esperanza Province (51°S)
suggest a phase of 44-42 Ma cooling likely associated with thrust-related unroofing of the
external margin of the thrust belt (Fosdick et al., 2013). In the Cordillera Darwin, there are
episodes of rapid cooling between 60-40 Ma (Nelson, 1982; Kohn et al., 1995) and between
~48-34 Ma (Gombosi et al., 2009), but their origin concerning whether to compression,
extension or transcurrence is not yet clearly defined. On the other hand, provenance data
show a significant change in sediment routing and palaeogeography suggesting hinterland-
derived sediment structurally dammed during basinward propagation of the fold-and-thrust
belt between 60-40 Ma in Ultima Esperanza Province (51°S; Gutiérrez et al., 2017; Fosdick
et al., 2020), during at least all the Paleocene in the Magallanes Province (52°-53°S; Rivera
et al., 2020). In contrast, in Tierra del Fuego, a major change in provenance occurs from the
middle Eocene up to Oligocene, and it is linked to an enhanced contribution of hinterland-
derived sediments related to contractional tectonism in the orogen (Barbeau et al., 2009;
Torres Carbonell and Olivero, 2019). Finally, it is worth mentioning that independent
paleobotanical data indicate the establishment of a rain shadow in the region from the late
Eocene-Oligocene, which is interpreted as a reflection of the uplift and growth of the
Southern Patagonian Andes (Gutiérrez et al., 2017).

The last deformation phase probably begins at the early Miocene (~22 Ma), but while
in most of the Southern Patagonian Andes it manifests itself in a compressive way, in Tierra
del Fuego, it acquires a more transtensional character (Winslow, 1982; Diraison et al., 2000;
Ghiglione et al., 2014). Structural studies in the north (50°-51°S) have identified a series of
thrust faults associated with the deepening of the decollement and faulting of the Patagonian
basement that progressively gave place to a forelandward propagation of deformation and
wedge thickening through thin-skinned thrusts during the early Miocene (Kraemer, 1998;
Fosdick et al., 2011). The deposition of continental deposits of the Santa Cruz Formation
and equivalents (~19-15 Ma) after a short period of transgression is exemplified as a result
of this contractional event, and a synorogenic nature is assigned (Ramos, 1982, 1989;
Malumian and Ramos, 1984; Kraemer, 1998; Suarez et al., 2000a; Ramos and Ghiglione,
2008; Fosdick et al., 2011; Cuitifio et al., 2012, 2015; Gutiérrez et al., 2017). Apatite and
zircon thermochronometers show increased denudation in the hinterland part of the orogen
by 30-23 Ma, which migrated eastward in the external part of the fold-and-thrust belt until
18-12 Ma (Thomson, 2002; Thomson et al., 2001, 2010; Fosdick et al., 2013). This early
Miocene period of compression is interpreted as increased plate coupling during the
approach of the Chile Ridge (Folguera and Ramos, 2002). A subsequent late Miocene uplift

13
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Is suggested by the eastward tilt of basalts and Santa Cruz Formation deposits in the Ultima
Esperanza Province (51°S; Ramos, 1989; Fosdick et al., 2011) and the emplacement of a
series of plutons further east in the foreland (Skarmeta and Castelli, 1997; Coutand et al.,
1999; Suarez et al., 2000a).

I1-1.3 Thesis scientific framework

It can be seen in the synthesis of the previous sections that some conceptual models
that apply to the overall Andes could not fully explain the evolution of the Southern
Patagonian Andes. Furthermore, the poorly constrained fold and thrust belt deformation
history and the still incipient knowledge about the sedimentary evolution of the adjacent
foreland basin emphasise the importance of continuous efforts to understand better one of
the most crudely studied regions of the Andes.

In this thesis, the Southern Patagonian fold and thrust belt (orogenic wedge) and the
Magallanes-Austral foreland basin are conceived as interconnected systems whose joint
evolution responds to changing geodynamic configurations and cortical parameters inherited
from the precursor Rocas Verdes Basin. Therefore, a detailed and accurate delineation of the
temporal and spatial evolution of the sedimentary system’s geometry, composition, and
filling pattern and the kinematics constraint of the adjacent thrust-and-fold belt will be the

key to unveiling the intricate history of the Southern Patagonian Andes orogen.
I-1.3.1 Objectives and research questions

The Ph.D. thesis’s general objectives are to determine the different evolution stages
of the Magallanes-Austral foreland basin sedimentary infill, and the timing of deformation
and exhumation patterns of the orogenic wedge (thrust-and-fold belt), in order to unravel the

tectonic evolution of the Southern Patagonian Andes.

Achieving the thesis objectives should lead to answering the following provocative

questions:

1) How and to what extent does the inherited crustal architecture of the predecessor
Rocas Verdes Basin control the sedimentary system evolution and dispersal of sediments

during the Late Cretaceous-early Miocene?
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2) How and to what degree does the Cenozoic geodynamic events (subduction of
active ridges, opening of Drake Passage) impact the development and evolution of an

Andean-type orogen-foreland basin pair?

3) What is the nature of the whole Southern Patagonian Andean growth (including
sediment accumulation history) in terms of steady or punctuated episodic behaviour?

1-1.3.2 Study area

This research thesis focus on the central and southern part of the Magallanes-Austral
Basin (51°15” S-54°4’ S) (Fig. 6), comprised of the Chilean XII Magallanes and Chilean
Antarctica Region and the Argentinian Santa Cruz and Tierra del Fuego Provinces. The basin
is divided into five tectono-stratigraphically well-differentiated localities (sensu Malumian
et al., 2013 and attaching one more in this work): 1) the Argentinian Fuegian Atlantic coast,
linked with the Fueguian orocline and Malvinas Basin; 2) the Chilean Tierra del Fuego
Province, which comprise most of the Fuegian orocline; 3) the Brunswick Peninsula and
Riesco Island area, known as the Magallanes Province in chile; 4) the Ultima Esperanza-
Rio Turbio area, which group the Chilean Ultima Esperanza Province and the Rio Turbio
coals field zone; 5) the Argentinian Calafate-Chaltén area, which represent the northernmost
tip of the basin. The research study area comprises from the second to the fourth tectono-
stratigraphic localities of the basin. However, it is essential to bear in mind that the study
area will be detailed in each chapter (according to the objectives addressed) since not all
locations have the same data density.
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Figure 6. Simplified map of study areas (red boxes) and tectono-stratigraphic localities in the Magallanes-
Austral Basin (modified from Rivera, 2017). Red boxes in Tierra del Fuego are localities visited but not fully
included in this thesis. (1) Argentinian Fuegian Atlantic Coast; (2) Chilean Tierra del Fuego Province; (3)
Brunswick Peninsula and Riesco Island; (4) Ultima Esperanza-Rio Turbio; (5) Calafate-Chaltén.

I-1.3.3 Thesis organisation and structure

This manuscript is composed of fifth parts. The first part contains two chapters.
Chapter I-1 presents succinctly the different models that explain the construction of the
Andean orogen in general and the scientific motivation and research objectives of this thesis.
Chapter 1-2 is aimed to present the methodology and scientific approach that will allow
solving the research questions. The following chapters, designed in the form of papers
(implying some degree of redundant information e.g., methods, regional geological
framework, etc.), constitute the bulk of the results and interpretations, which is the
contribution of this thesis to the geological knowledge of this segment of the Andes. In
addition, abstracts of oral and poster presentations in scientific meetings can be found in:
Annex A-1 “Evolucion tectono-estratigrafica de la cuenca de antepais Magallanes-Austral y
su relacion a la orogénesis de los Andes Patagdnicos” by Rivera et al., 2017 (XVI Congreso
Colombiano de Geologia); Annex A-2 “Underfilled-to-overfilled cycles in the Magallanes

foreland basin, Chilean Patagonia: unravelling the growth of the Southern Patagonian
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Andes” by Rivera et al., 2018 (XV Congreso Geoldgico Chileno); Annex A-3 “Southern
Patagonian wedge dynamics inferred by tectono-stratigraphic sequences and evolution of
the Magallanes-Austral Foreland Basin (Chile)” by Rivera et al., 2019 (17éme congrés de
sédimentologie).

The second part is composed of a single chapter. Chapter 1I-1 present an updated
regional chronostratigraphic framework, revision of the stratigraphic nomenclature and
identification of regional unconformities in the basin to assist with deciphering future basin
analysis. The refined chronostratigraphic framework incorporates an extensive U-Pb ages
database used to report maximum depositional ages from detrital zircons, and it is
complemented with relevant biostratigraphic data. A basin lithostratigraphic correlation
chart is presented, highlighting the major regional unconformities whose identification is
based on geochronological, sedimentological and seismo-stratigraphic criteria. By using the
wealth of U-Pb ages data, | also attempt to constraint the episodic nature of the Southern
Patagonian Batholith. This chapter is intended to be submitted to the Journal of South
American Earth Sciences (JSAMES). Another paper published in JSAMES is related to the
arc magmatism addressed in this chapter, Annex B-1: “Neogene Patagonian magmatism
between the rupture of the Farallon plate and the Chile Ridge subduction” by Ramirez de

Arellano, Calderdn, Rivera et al., 2021.

The third part (composed of two chapters) deals with the sedimentary architecture of
the Magallanes-Austral foreland basin and aims to enhance the understanding of the basin-
wide siliciclastic sedimentation, marine and continental depositional systems, sediment
routing pathways and basin subsidence and foredeep migration. Chapter Il1-1 is a paper
published in Sedimentary Geology (Rivera et al., 2020) which presents a detailed facies and
sequential stratigraphy analysis and provenance (sandstone modal composition and U-Pb
ages) assessment of the Campanian-Paleocene succession along-strike the Magallanes-
Austral basin. These results lead to understanding provenance changes and, in turn, elucidate
the origin of one of the most extensive marine transgressions in Patagonia, discerning among
tectonic, climatic or eustatic signals. Chapter 111-2 focuses on the integration of facies
interpretation, multi-approach quantitative sedimentary provenance and subsidence and
isopach maps analysis of the Late Cretaceous-Cenozoic foreland strata, which 2 is intended
to be submitted to Basin Research or Tectonics. The results of this chapter, allow us to

constrain long-term depositional trends, highlight changes in basin accommodation on a
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regional scale, investigate sediment transport pathways and propose a tectonic evolution

schema of the Southern Patagonian wedge.

The fourth part is composed of a single chapter. Chapter 1VV-1 presents the structural
configuration, timing of the deformation quantification of shortening and exhumation
history of the Southern Patagonian fold and thrust belt by integrating a structural analysis
and detrital apatite fission-track and (U/Th)-He data.

The fifth part is composed of a single chapter. Chapter V-1 is devoted to examining
the different existing hypotheses regarding the evolution of the Southern Patagonian Andes
under the light of the new results and to discussing the research question that motivated this
PhD thesis. Finally, the main findings of this research are presented as bullet-point

conclusions.

18



First Part >> Chapter 1-2: Methods and Data Sources

CHAPTER I-2:

METHODS AND DATA SOURCES

Chapter I-2 presents the different methods and techniques used during the thesis. The
research methods follow a multidisciplinary approach to face the inherent complexity
involved in understanding the evolution of orogenic systems. This multidisciplinary
approach is synthesised in 4 methodological pillars: (1) Stratigraphic-sedimentologic and
subsurface analysis; (2) Integrated sediment provenance analysis; (3) Low-temperature
thermochronological modelling; (4) Structural geological analysis. In an integral view, this
approach is called Sedimentary Basin Analysis and constitutes the best way to understand
the long-term interactions among the tectonics, climate, erosion, and sedimentation in all

type of basins.
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I-2.1 Stratigraphic-sedimentologic and subsurface analysis

The analysis of all the aspects related to the sedimentary fill, lithological
composition, primary structures, the internal stratigraphic architecture, the spatial and
temporal distribution and genetic relationship of the different depositional systems or
sequences reveal all the relevant surficial processes occurring in the orogenic wedge as well

as the role of climate and sea-level changes in the evolution of the foreland basin system.

Twenty-seven stratigraphic sections were measured along the axis of the Magallanes-
Austral basin (between 51°2’S to 54°4°S) using a Jacob staff and tape measure on the best
available outcrops on a centimetre to decimetre scale. Each bed measured was subject to a
careful examination of grain size, lithology and texture variations (with a hand lens in the
field and examining 140 thin sections), bedding thickness, type of contacts, sedimentary
structures, palaeocurrent data, fossil content, bioturbation intensity and ichnological suites.
Stratigraphic sections were divided into genetically related siliciclastic facies and sub-facies
associations representing a distinct depositional environment or sub-environments
(architectural elements). Six hundred and eighty-seven palaecurrents measurements,
primarily determined from through axes, which comprise 3D through cross-bedding and 3D
rib and furrows, 2D planar cross-lamination/stratification, ripples marks, flute and groove
casts, clast imbrication, current-oriented wood or tree trunks and tool marks. Palaeoflow
direction of bidirectional structures was resolved considering other unidirectional indicators
nearby. Before plotting the recorded directions in rose diagrams in the Orient software
(Vollmer, 1995, 2015), they were tilt corrected using the standard methodology described in
Le Roux (1991) and further analysed by directional and circular statistics (Fisher and Powell,
1989; Davis, 2002) to obtain the vector mean azimuth, consistency ratio, circular variance,
Rayleigh’s test and p-values of the preferred directions. The ichnological study was based
on observations in two-dimensional, vertical to sub-vertical exposures and focused on the
identification of ichnofossils, and ichnofaunal assemblages and semi-quantitative estimation
of the degree of bioturbation expressed in terms of the bioturbation index (Bl, sensu Taylor
and Goldring, 1993; Bann and Fielding, 2004). All the body fossil content was documented
in the field, recording their type, occurrence, and stratigraphic position. However, some

fossils were sampled for a detailed characterisation by specialists.

The subsurface characterisation of the Magallanes and Tierra del Fuego Provinces of
the Magallanes-Austral basin were obtained by the correlation of thirty-one (Fig. 1) 2D
seismic lines and forty-one (Fig. 1) exploratory wells provided by Enap-Sipetrol (Empresa
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Nacional de Petrdleos de Chile), in combination with previous interpretations (Biddle et al.,
1986; Enap, 1999, 2004, 2006; Mpodozis et al.,, 2011; Gallardo, 2014). Synthetic
seismograms and time-converted logs were produced to conduct the seismic-well tie process
to aid the seismostratigraphic delineation and subsequent tectono-stratigraphic analysis. The
seismostratigraphic analysis includes identifying sequences boundaries, which were
identified based on stratal terminations (onlap, downlap, toplap, erosional truncations), and
interpretation of internal reflection patterns (seismic facies) following the procedure
explained by Mitchum and Vail (1977) and Mitchum et al. (1977a,b). A subsurface facies
analysis was carried out along a ~W-E transect to study the transversal axis of the basin
(down-dip) and complement the architectural stratigraphic characterisation previously
approached with outcrops-based facies analysis along the basin axis. The electrofacies
approach (Selley, 1976, 1985; Cant, 1992) was used to interpret vertical grain size variations,
beds contacts/geometry, and depositional systems using the gamma-ray, spontaneous
potential, and resistivity log responses. The calibration of the subsurface facies analysis with
core logs was only possible in a reduced amount of wells, stressing that this interpretation
of depositional systems based on electrofacies must be assumed as an approximation.
Formation tops and marker beds in each well were combined with outcrop Formation
thickness information to construct isopach maps in certain interesting intervals and tectonic
subsidence curves. The procedure utilised to achieve the decompaction of sediments needed
for the subsidence analysis is made by the backstripping method assuming Airy isostasy
compensation in a 1D stratigraphic column as given by Steckler and Watts (1978),

Zy=Wq+S ('Dm_ ps> —Asl< s )
Pm — Pw Pm — Pw.

where, Zt is the tectonic subsidence in any geologic time t in the past; Wd is

palaeobathymetry; S is the sediment layer after decompaction; pw, pm, ps are the densities
of water, mantle, and bulk sediment respectively; Asl is the global sea-level change (positive

for arise).

The sediment bulk density (ps) depends on the variation of porosity with depth, and
this is taken as a simple exponential decrease with increasing depth as given by Sclater and
Christie (1980): @ = @oe™
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where ¢ is the porosity at any depth z, @0 is initial porosity when the layer is at the
surface, c is the compaction coefficient. The palaeobathymetric data (Wd) were extracted
from planktonic/benthonic foraminifera estimates of depth (Natland et al., 1974) and
according to mean depositional depths assigned to the interpreted facies as described by
Ingle (1980) and Le Roux et al. (2016): supratidal flat, 1 m; foreshore, 0 m; estuary, -10 m;
upper shoreface, -20 m; middle shoreface, -50 m; lower shoreface, -80 m; inner shelf, -120
m; outer shelf, -170 m; upper continental slope (upper bathyal), -380 m; middle continental
slope (mid bathyal), -800 m; lower continental slope (lower bathyal), -1500 m; abyssal plain,
-4000 m. The eustatic sea-level correction is not considered because of the complexity of
reconstructing reliable global sea-level charts (e.g., Angevine et al., 1990; Miall, 1992; Berra
and Carminati, 2010; Allen and Allen, 2013).
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Figure 1. Geographic distribution of 2D seismic lines and exploratory wells (courtesy of ENAP) in the study

area.

Sequence stratigraphic units and systems tracts were defined following the model-
independent approach (e.g., Catuneanu et al., 2011). Recognition of surfaces of sequence
stratigraphic significance, stratal stacking patterns in outcrops, and their correlation among
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the different parts of the study area are mainly based on changes in accommodation-
sedimentation dynamics and vertical relationships among the sedimentary environments.
Sequence stratigraphic units and systems tracts were defined from flooding or transgressive
surfaces (TS), subaerial unconformities or sequence boundaries (SB) and maximum flooding
surfaces (MFS). As the sequence stratigraphic framework presented in this study is entirely
based on outcrop data, where the geometry of stratigraphic sequences cannot be identified
with certainty due to the absence of regional correlation plots, some sequence stratigraphic
surfaces may have been missed. Moreover, in deeper water, the MFS is, in most cases,
ambiguously identified. Despite these limitations, we have defined stratigraphic sequences
characterised by the development of two or three systems tracts in the sense of Catuneanu et
al. (2011): a lower transgressive tract (TST), and an upper, shallower, highstand systems
tract (HST), in deeper water settings. In shallower parts of the sedimentary system, it is also
possible to define a third, lowstand systems tract (LST) where a basal subaerial unconformity
can usually be recognised. The LST includes deposits accumulated during normal
regressions and is bounded by a basal subaerial unconformity (SB) and a flooding or
transgressive surface (TS) at the top. The transgressive systems tract begins with a TS
characterised by transgressive shell lag or a condensed shell bed that resulted from low net
deposition due to sediment bypass, typically accompanied by a deepening-upward trend of
facies (Zecchin and Catuneanu, 2013, 2017). Where subaerial unconformities are not present
(particularly in deeper water settings), the TS is used as a sequence boundary. The HST is
accompanied by a shallowing-upward trend of facies and is separated from the underlying
TST by the maximum flooding surface (MFS), that is characterised by the development of
nodular horizons (incipient hardground), a high concentration of pyrite and organic matter,

phosphate layers and sometimes intense bioturbation.

I-2.2 Integrated sediment provenance analysis

To date, provenance analyses on Late Cretaceous to Cenozoic deposits of the
Magallanes-Austral foreland basin are based mainly on the geochronology of detrital zircons
and sandstone petrography. However, it has become ambiguous to identify the area of
contribution due to the similar or overlapping U-Pb ages and/or uneven zircon fertility of the
multiple source terrains, a non-unique lithological signature of source terrains and the

sedimentary recycling effects.

An analysis that integrates different techniques will be much more valuable and

appropriate to the immature sandstones and the important argillaceous successions present
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during the Cenozoic and will also allow a more detailed paleogeographic reconstruction of
the basin and a better understanding of the relationship between the activity tectonics and
the sedimentary contribution. Therefore, the integrated sediment provenance approach
combines sandstone petrography, conglomerate clast analysis, fine-grained geochemistry
and detrital zircons U-Pb dating and detrital apatite low-temperature geochronology in order
to characterise more accurately the supply of sediments to the basin and to track changes in

upland source areas due to tectonic activity during changes in geodynamic settings.
[-2.2.1 Conglomerate clast counting

Conglomeratic units are important sedimentary lithosomes in basin analysis since
they provide information regarding the composition of the source terrains which aid in
reconstructing the sediment routing systems and unravelling the exhumation of different
source rocks in the hinterland areas of a foreland basin (e.g., Gémez et al., 2005; Bascufian
et al., 2016; Horton et al., 2016; Leonard et al., 2020). The conglomerate clast counting
allows to quickly determine the petrological composition of deposits in the field and by
comparing with lithologic features of the source rocks provide helpful insights into sediment
provenance. However, it is necessary to be cautious about provenance interpretation from
conglomerates because depositional assemblages of clasts may not faithfully represent all

the litho-types and proportions of parent rocks in the source area.

The conglomerate composition was determined by counting around 100 clasts
(cobbles and pebbles) within a 1 m? grid. Some clasts with dubious macroscopic
identification were microscopically examined. The counts are presented as clast percentage,
and they were categorised into lithologic groups: (1) metamorphics, which include slates,
schists, and minor cataclasites; (2) granitoids, comprising tonalites, monzogranites,
granodiorites/diorites; (3) basalts and basaltic scorias; (4) gabbros and dolerites; (5)
intermediate volcanics, composed by porphyritic and trachytic andesites; (6) silicic
volcanics, comprising rhyolite, pumice, and quartz-porphyry; (7) vein quartz and chert; (8)
sedimentary rocks. The criteria for choosing these lithologic groups were based on the
primary litho-types on source terranes (e.g., Southern Patagonian Batholith, Tobifera
volcaniclastics, Ophiolite suites, and the Eastern Andean metamorphic complexes), which
offers us a direct comparison way between the parental rocks sources and depositional

assemblages of clasts.
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[-2.2.2 Sandstone modal analysis

Sandstone modal analysis has been one of the most widely accepted methods to
decipher the sedimentary provenance and tectonic setting of source areas since its
consolidation more than five decades ago (Dickinson, 1970, 1985, 1988; Dickinson and
Suczek, 1979; Ingersoll et al., 1984). In the last years, sandstone framework composition
studies have shed light on the compositional variability of the foreland basin deposits, which
Is a reflection of different unroofing histories in the fold and thrust belts, complexities in the
sediment routing systems, and the inherent dynamic of the depositional processes acting in
the basin (e.g., DeCelles et al., 2011; Nie et al., 2012; Bascufian et al., 2016; Chapman et al.,
2019; Rivera et al., 2020; Leonard et al., 2020).

Ninety fine- to medium-grained sandstone samples were selected for modal analysis.
The preparation and mounting of the thin sections were conducted in the Sample Preparation
Laboratory of the Department of Geology of the University of Chile. About 400-500 points
were counted on each thin section, following the Gazzi-Dickinson method (Gazzi, 1966;
Dickinson, 1970; Ingersoll et al., 1984). Modal compositions were normalised to traditional
quartz-feldspar-lithic (QFL) and monocrystalline quartz-feldspar-total lithic (QmFL:)
parameters to be compared with the tectonic fields of Dickinson (1985), even though the
Dickinson’s model predictive success ratio is 64-78% (Weltje, 2006). In Dickinson’s
models, it is known that ophiolite-derived detritus cannot be discriminated from the
magmatic arc provenance (e.g., Garzanti et al., 2000, 2002). The latter issue can be
circumvented by using subcategories of the volcanic lithics fragments (Lvi, Lvm, Lvs, and
Lvy for vitric-neovolcanic) (Dickinson, 1970; Critelli and La Pera, 1994). We assume that
lathwork texture is indicative of basaltic lavas commonly found in ophiolite sequences
(Dickinson 1970; Garzanti et al., 2000, 2002), microlitic is commonly associated with
andesitic magmatic arc detritus (Ingersoll and Cavazza, 1991; Marsaglia, 1993), and felsitic
texture with siliceous volcanism (Dickinson 1970; Ingersoll and Cavazza, 1991). However,
as ophiolite sequences and volcanogenic shield of magmatic arcs can potentially produce
lathwork and microlitic textures in their lithic fragments should these rocks be weathered
and eroded (Affolter and Ingersoll, 2019), the relative proportion calculated for the former
could be sub-estimated while for the latter over-estimated. In most ternary diagrams used to
infer provenance or tectonic fields, we have incorporated multivariate statistically rigorous
confidence regions (sensu Weltje, 2002) to adequately capture the distribution of data points

(i.e., studied modal composition). Each confidence region has a probability associated with
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different confidence levels of 90%, 95%, and 99%, which can be used to predict the range
of variation of the entire population or mean population studied. This approach provides a
quantitative point of view for the sedimentary petrological analyses and supposes an
advantage over the traditional non-statistical approach (e.g., the outline of a cluster of data
points or eyeball fitting; Fig. 2A). Nevertheless, under some instances, the univariate
statistical normal distribution methods (e.g., the arithmetic sample mean and its standard
error polygons or hexagonal fields with a confidence interval of variation; Fig. 2B) could
produce similar results to multivariate confidence regions (Fig. 2C; Ingersoll and Eastmond,
2007). However, the univariates statistic approach is undoubtedly statistically less robust
than multivariate methods (Weltje, 2002; Ingersoll and Eastmond, 2007; Allen and Johnson,
2010; Ingersoll, 2012).

Qt Qt Qt

Figure 2. Ternary plots displaying detrital modes and comparison of different ways to predict statistical data
variability significance. A. Non-statistically eyeball fitting. B. Univariate arithmetic means and standard
deviation and confidence interval hexagons. Note how hexagons limit trespass triangle boundaries, implying
negative values for the Feldspar axe. C. Multivariate geometric means and ellipsoids of 90%, 95%, and 99%

confidence intervals.
1-2.2.3 Fine-grained bulk-rock geochemistry

The Cenozoic sedimentary record of the Magallanes-Austral basin includes thick
successions of fine-grained rocks from which it is possible to extract information on
sedimentary provenance using the geochemistry of major, traces, and (REE’s). The major,
traces, and rare earth elements are insoluble and usually immobile under surface conditions.
They are carried mainly in the suspended load during fluvial transport, resulting in uniform

distributions in shales (Condie, 1991; Taylor and McLennan, 1985), and have great potential
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for preserve the geochemical signature from source rocks in the depositional sink (e.g.
Taylor & McLennan, 1985; Bhatia & Crook, 1986; McLennan et al., 1993; Roser et al.,
1996). Thus, geochemical provenance information from fine-grained sediments will directly
complement the conglomerate clast counting and sandstone modal analysis to resolve
exhumation histories in the hinterland sources terrains as have been applied in different
previous works (e.g., Basu et al., 1990; Fildani and Hessler, 2005; Roddaz et al., 2005;
Romans et al., 2010; Zahid and Barbeau, 2013; Garzanti et al., 2016).

A total of twenty fine-grained samples were selected for major, trace and REE
analysis. The samples were pulverised up to obtain a pulp in the Laboratory of Sample
Preparation of the Department of Geology of the University of Chile, using an agate mortar.
The whole-rock geochemical analyses on all of the samples were conducted at Actlabs
(Canada), using a combination of packages as lithium metaborate/tetraborate fusion ICP
whole rock (Code 4B) and trace element ICP/MS (Code 4B2). The fused sample was diluted
and analysed by Perkin Elmer Sciex ELAN 6000, 6100 or 9000 ICP/MS. One blank and
seven controls (four before the sample group and three after) were analysed per group of
samples. One duplicate was fused and analysed. The instrument was recalibrated for every
40 samples.

The chemical index of alteration (CIA; Nesbitt & Young, 1982) was employed to
evaluate the degree of chemical weathering, which measures the proportion of Al,03 vs the
mobile oxides in the analysed samples, typically representing the alteration of feldspars to
clay minerals. The CIA was calculated using the molar proportions of Al.O3, CaO*, Na,O
and K20, where CaO* is CaO present in silicates. The REE’s were chondrite normalised

according to the chondrites values of Boynton (1984), and the Europium anomaly was

calculated as follows: %z (2* Eu)/(Sm + Gd). A multivariate statistical analysis
(Principal Component Analysis, PCA) was conducted to evaluate the applicability of
geochemical proxies to infer parent rocks compositions in terms of mafic, felsic, or mixed
signatures (intermediate) and construct a predictive model. Then, some elemental
concentrations and key trace-elements ratios values were carefully chosen to qualitatively
highlight the geochemical imprint of the assemblage of parent rocks in the studied clastic
deposits. The average geochemical composition of the Upper Continental Crust (UCC),
North American Composite Shale (NASC), Post-Archean Australian Shale (PAAS), and
potential source rocks end-members (Southern Patagonian Batholith, Ophiolite suites,

Eastern Andean metamorphic complexes, Barros Arana-La Pera volcanic complex, and
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Tobifera volcaniclastic) were included for comparison. Geochemical modelling was
employed to quantitatively quantify the proportions of source rock types contributing to the
composition of the studied clastic deposits; a linear discriminant analysis (LDA) was
performed to most closely match each fine-grained sample with a mix of potential end-

members.

As elemental concentration values are by nature compositional data, they are
restricted to values between 0 and 1 (or 100%) and are subjected to the constant sum
constraint (i.e., all variables sum to a constant 1 or 100%). Consequently, this constant sum
property imposes that all variables are not mutually independent (i.e., data is closed) and
cannot follow a multivariate normal distribution failing a significant prerequisite of
parametric statistical methods, such as standard discriminant analysis (LDA or PCA). The
latter long-standing problem is solved by applying a log-ratio transformation (centred log-
ratio transformation, clr) of compositional data (for further details about compositional data
and sedimentary geology, see Aitchison, 1982; Montero-Serrano et al., 2010; Tolosana-
Delgado, 2012; Weltje, 2012 and reference therein). Once the data is clr-transformed, it is
possible to represent them in a compositional biplot (Gabriel 1971). The compositional
biplot represents multivariate observations (points) and variables (rays) projected into a

plane fixed by principal components (Fig. 3).
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Figure 3. Compositional biplot example (modified Garzanti et al., 2016) where the axes represent the principal

components, and the length of each ray is proportional to the variability of the compositional parameter in the
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data set. Interpretation: If the angle between the line from a vertex to the origin and an axis is minor, the variable
has a strong influence on the corresponding principal component. The larger the vertex’s distance to the origin
and the smaller the angle, the stronger the influence. If the angle between two rays is close to 0°, 90°, and 180°,
then the corresponding compositional parameters are directly correlated, uncorrelated, and inversely correlated,

respectively.
I-2.2.4 Detrital zircon geochronology

Due to the advancement in techniques for efficiently determining reliable Uranium-
Lead (U-Pb) ages, detrital zircon U-Pb geochronology has rapidly evolved as a required
method for investigating sedimentary basins (Cawood, 2005; Thomas, 2011; Gehrels, 2012,
2014). The U-Pb analysis of detrital zircon population ages has three distinct and equally
important components that will be addressed in this thesis: 1) reconstruction of provenance
and source to sink linkage; 2) calculation of maximum depositional ages of sedimentary
units and refinement of chronostratigraphic framework; 3) tracing main pulses of batholith
magmatism and their magma production volumes. Numerous works have successfully
conducted detrital zircon U-Pb geochronology analysis to resolve questions involved in the
latter topics in pursuit of better understanding Andean-type orogenic cycles (Hervé et al.,
2004; Gomez et al., 2005; Barth et al., 2013; Paterson and Ducea, 2015; Bascufian et al.,
2016; Horton et al., 2016; Gutiérrez et al., 2017; Daniels et al., 2019; Rivera et al., 2020;
Leonard et al., 2020).

A total of thirty-six sandstones samples were prepared for detrital zircon U-Pb dating.
However, only twenty-six were dated (which are incorporated in this thesis), and the other
ten samples are still waiting to be dated’. Detrital zircons were extracted in the Sample
Preparation Laboratory of the Geology Department at the University of Chile from medium-
to coarse-grained sandstone samples (~5-8 kg) following standard mineral concentration
techniques (Fig. 4). The disaggregation process began with a jaw crushing phase, which
utilises a chromium-nickel corrugated crushing plate. Through several controlled passes in
the crushing step, the hand samples were reduced to gravel (~4-8 mm). We used a roller mill
to reduce the sample size from gravel to sand size. The sand-sized material was subsequently
sieved in an ASTM E11 Sieve with stainless steel woven wire cloth with 75um openings.
The first gravity separation stage utilised a Gemeni mk2 water table, where the pulverised

sample was loaded in a vibratory feeder. This vibratory feeder progressively dropped the

Linherent equipment problems in 2019 and the following 2020-21 COVID sanitary crisis prevented laser ablation analysis
from being performed at the Mass Spectrometry Laboratory (CEGA) of the University of Chile.
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sample to the table, where ribs trapped the material, separating them into three fractions:
heavy, light and silt. We selected and dried the heavy fraction under infrared light at 60°C.
Before separation with the Frantz magnetic separator, we removed highly susceptible
magnetic minerals (e.g., magnetite) from the heavy fraction of the sample by using a hand-
magnet. The isodynamic Frantz magnetic separator was set up with a side tilt of 20° (down
toward the operator), forward tilt of ~40°, and voltage increments of 0.2 amps, beginning in
0.3, ending at 1.7 amps. The non-magnetic, heavy minerals were treated in the second stage
of gravity separation using dense liquid separation in Tribromomethane (2.8 g/cm®) and
Methylene lodide (3.3 g/cm?®) solutions. Finally, all present detrital zircons? (usually ranging
from several hundred milligrams to several grams in weight) were then hand-picked from
the concentrate using a stainless steel stub with double-sided adhesive and a binocular stereo
microscope. Detrital zircon concentrates were plunged manually into epoxy resin mount for
subsequent lapping, polishing, imaging and analysis. We obtained Cathodoluminescence
(CL) images using an FEI Quanta 250 scanning electron microscope (SEM) with a Centaurus
sensor for CL detection. Cathodoluminescence images allow us to examine the internal
structure of each detrital zircon and relate it with chemical zoning before conduct isotopic
analyses. To clean, eliminate or reduce possible contamination by manipulation, we

conducted an ultrasonic washing (with ultrapure water) for all the samples.

2 Using the same steps was obtained the detrital apatite concentrate for the low-temperature thermochronological
analysis.
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Jaw crushing
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Mineral hand picking

!

Mineral concentrate

Figure 4. Experimental protocol to extract and concentrate detrital apatites and zircons at the Sample

Gemeni table

Preparation Laboratory of the Geology Department at the University of Chile.

U-Pb geochronological results were obtained in 3 laboratories (two in Chile and
another in Mexico). The Mass Spectrometry Laboratory (CEGA) of the University of Chile
uses a laser ablation system-multi-collector-inductively coupled plasma-mass spectrometer
(LA-MC-ICP-MS). The laser ablation system is a Photon Machine Analyte G2 193 nm ArF
excimer with a double volume HelEx ablation cell that allows for a He atmosphere ablation
coupled with a Thermo Fisher Neptune Plus with nine Faraday detectors and eight ion
counters. The Geochronology Laboratory of SERNAGEOMIN (Chilean Geology and
Mining Service) uses a laser ablation system-inductively coupled plasma-mass spectrometer
(LA-ICP-MS). The Thermo Fisher Element XR was equipped with a Photon-Machine
Analyte G2 ArF 193 nm wavelength excimer laser. The Laboratory of Isotopic Studies (LEI)
of the Geosciences Centre-UNAM, using the LA-ICP-MS technique. The laser ablation
system is a Resolution M-50 with a 193 nm ArF excimer laser (LPX 220, lambda Physik)
coupled to a Thermo X-Series Quadrupole mass spectrometer (more details in Solari et al.,
2010). Analyses on the target zircons were conducted with 30-33 pum diameter spots with
output energy of 2.5-3.63 mJ/cm2 and a 5-7 Hz repetition rate. In all three laboratories, at
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least 60 grains from each sample were subject to laser ablation analyses, achieving a 95%
chance of finding at least one zircon from every population that makes up at least the 5% of
the total sample population (Dodson et al., 1988). At least 117 detrital zircons were analysed
for each studied formation. This number of analyses helped to ensure that no fraction > of
0.05 was missed with a 95% confidence level (Vermeesch, 2004). The latter implies a good
representation of all populations to interpret the provenance and calculate maximum
depositional ages. However, to produce a statistically robust maximum depositional age, a
number of > 2 grains are required for the calculation (Dickinson and Gehrels, 2009). In this
work, there is a 95% chance of finding at least three grains belonging to a population that
represents > 7% of the total zircon content (Rossignol et al., 2019). In other words, the
relative proportion of the zircon population that remain undetected is low, and the chances

to have missing the youngest population are very low.

In both the CEGA and LEI laboratories, the instrumental parameters were optimised
by a continual ablation of the reference standard zircon PleSovice (Slama et al., 2008),
whereas in the SERNAGEOMIN laboratory with the standard zircon GJ-1 (Jackson et al.,
2004). However, both the CEGA and SERNAGEOMIN laboratories measured another
standard zircon, TEMORA-2 (Black et al., 2004), to verify the accuracy and the precision of
the data obtained. Faraday cups detector and ion counter systems were used simultaneously
to measure the following isotopes: 2°2Hg, 2*Hg+2%Pb, 2°°Ph, 207Pb, 2%8pp, 235U, 22Th and
238y with an integration time for one cycle of 10 ms. Only in the LEI laboratory, other
isotopes were also collected: 2°Si, 31, 49Ti, &Y, 91Zr, 1394, 140Ce, 47Sm, 13Eu, 83Dy, 175y,
74 with dwell times of 5 and 10 ms. The acquisition time for each zircon analysis was 90
s, followed by 35 s of a blank signal. A sample bracketing of two primary standards, two
secondary standards, and five unknown zircon grains was used to correct for mass bias in
the CEGA laboratory. In the CEGA and SERNAGEOMIN laboratories, data reduction was
performed with lolite (Paton et al., 2011) and VisualAge (Petrus et al., 2012). The “UPb.age”
code (Solari and Tarner, 2011) was used in the LEI lab to perform the data reduction. In the
CEGA and LEI labs, common Pb correction was done following Andersen (2002) for zircons
with 228U/2%pPp ages >300 Ma. In the SERNAGEOMIN laboratory, common Pb correction
followed Williams (1998). The analyses presented were corrected, assuming an evolving
isotope composition as given by the second-stage growth curve of Stacey and Kramers
(1975). Finally, the preferred reported ages are mainly based on 2%Pb/?%U ratios for <1000
Ma grains and 2°°Pb/?"Pb for >1000 Ma grains, with uncertainties at the 2c level (Gehrels,
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2000). We plotted probability density and Wetherill Concordia diagrams for each sample
using Isoplot (Ludwig, 2003).

To determine each sample’s maximum depositional ages (MDA’s), 2°°Pb/238U ages
were utilised according to the filter of concordance of <80% or >120%. We use four well-
known metrics following Dickinson and Gehrels (2009), Schwartz et al. (2017), and Coutts
et al. (2019) to obtain the most accurate representation of the MDA’s which ranges from the
lower to higher statistical robustness using the single youngest grain up to multiple grains,
respectively. 1) The youngest single grain (YSG1o). 2) The weighted mean of the youngest
cluster of grains (minimum two) that overlap within 16 (YClo). 3) The weighted mean of
the youngest cluster of grains (minimum three) that overlap within 26 (YC2c). 4) The
weighted average of the youngest statistical population of grains (minimum two) (YSP2c),
which mean square weighted deviation (MSWD) does not exceed 1, indicating that the
scatter in ages is explained by analytical uncertainty. Additionally, a range of acceptable
MSWD (after Mahon, 1996) was presented for the YClo and YC2o ages considering the
sample size involved in the calculation, which is helpful to highlight the meaningfulness of
the analyses not exceeding the 95% confidence limit. The criteria employed to select a

preferred MDA over another are:

a) The reproducibility of dates (i.e., the higher number of grains included in a youngest-
age cluster, the more robustness is reached in results).

b) Proportionality between ages scattering and analytical uncertainty considering the
number of grains included in the analysis.

c) Consistency with biostratigraphic ages (for restricted biochrons), stratigraphic
position in a stratigraphic column, or similar stratigraphic intervals in different

sections.

However, an exception exists when near-depositional age zircons are limited, then we use
the YSG metric, which does not provide robust MDA’s but is acceptable as it fits well with
the last criterion above and because the analyses have a standard error <2%. The calculated
YClo ages are equal to YC2c ones for the half of the samples from which both metrics were
used. For the other half, the mean difference between both ages is <2%, which magnitude
does not overcome its standard error, only in these cases, we preferred the YC1o because of
better stratigraphic consistency and have proven to be useful in chronostratigraphic studies
(e.g., Sickmann et al., 2018; Daniels et al., 2019; George et al., 2020).
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Analysing each sample’s detrital zircons U-Pb age spectra allows identification of a
potential provenance by matching detrital-zircon ages with crystallisation ages of potential
source terranes (Thomas, 2011). The usefulness of this technique lies in how extensively
characterised (by zircons U-Pb geochronology) are the different source terranes and their
zircon fertility grade. However, intrinsic complications exist since a sedimentary deposit is
the product of detritus derived from multiple parent rocks with non-unique ages, mixing
different drainages from multiple localities with variations in zircon fertility, recycling of
older sediment and mixing with younger primary sources. The same detrital zircons ages
record used for provenance analysis can be utilised as a complementary record (to bedrock
ages, see Fig. 5) to complement information about arc duration or temporal pulsing,
identification of qualitative high or lull magmatic events during the life of the Southern
Patagonian Batholith (Hervé et al., 2007). This complementary information will contribute
to overcoming the difficulty of sampling the entire batholith and provide insights related to

ancient and eroded plutons of this arc domain.
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Figure 5. Comparison of bedrock U-Pb zircon ages vs detrital zircon U-Pb ages from the Sierra Nevada
Batholith (California, USA) (after Peterson et al., 2015). Note how the integration of both data sets allows

characterises episodic magmatism by identifying magmatic flare-ups and lulls.

I-2.3 Low-temperature thermochronology

The characterisation and quantification of exhumation patterns of orogenic wedges
have been widely facilitated in light of recent developments in low-temperature
thermochronology (Reiners et al., 2005; Reiners and Brandon, 2006; Carrapa, 2010; Painter
et al., 2014; Hurford, 2019). The integration of different thermochronometers (e.g., (U-
Th)/He on apatite or zircon; apatite or zircon fission-track) open one window to explore

denudation histories of mountain belts and provide an efficient way to obtain strong
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constraints on the timing and rates of exhumation. Apatite fission-track (AFT) and apatite
(U-Th)/He (AHe) ages record the time when the analysed mineral passed through the
temperature window of ~120-60°C for AFT (e.g., Gallagher et al., 1998) and of ~80—40°C
for AHe (e.g., Farley, 2002).

In the Southern Patagonian Andes, a few previous works on bedrock
thermochronology undertaken by Nelson (1982), Gombosi et al. (2009), Thomson et al.
(2001, 2010) have shed light on the stages of cooling, erosion, and overall tectonic history
of the backbone of this orogen. However, only one study has dealt with the external part of
the orogenic wedge (e.g., Fosdick et al., 2013). As the record of erosional exhumation of a
mountain belt is preserved in the sedimentary rocks of the adjacent foreland basin, the
detrital thermochronology document the long-term history of the orogenic exhumation and
its topography evolution (Bernet and Spiegel, 2004; Reiners and Brandon, 2006; Carrapa,
2009; Fosdick et al., 2013; Bernet, 2019). The detrital thermochronological data acquired in
the foreland deposits during this thesis and combined with bedrock cooling ages contribute
to a better understanding of spatial patterns of time-averaged exhumation rates across the
entire orogenic belt.

Twenty-five medium-grained sandstones samples were selected and prepared in the
Sample Preparation Laboratory of the Geology Department at the University of Chile for
thermochronological analyses. The procedures for extraction of apatites is the same as for
zircons, described in the previous section. Detrital apatite grains were carefully selected from
the concentrates for (U-Th)/He age dating (n= 12 samples). The selection of apatites grains
was conducted at the Geosciences Environnement Toulouse laboratory (GET, France —
supervised by Dr Stéphanie Brichau); they were hand-picked under an optical microscope
(Nikon SMZ1500), favouring those of euhedral morphology and without inclusions of
actinide-rich minerals such as zircons or monazite. For each sample, five aliquots were
measured (equivalent radius ranging from 30-90 um, mean 58 um) and then placed into a
platinum capsule (Fig. 6) for He, U, and Th measurements at Géosciences Montpellier
laboratory (France). The aliquots were heated at ~850 °C for 20 min using a 1090 nm diode
laser operating at 20 W, allowing total helium (He) degassing. The gas was purified by two
SAES AP-10-N getters and trapped on a JANIS cryostat. The released “He was measured
with a Quadrupole PrismaPLus QMG 220 using the peak height method using a 3He spike
and are 10-100 times superior to typical blank levels. After helium extraction, aliquots were

retrieved for U and Th measurements. Apatite grains were dissolved in 220 ml of doubly
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spiked (3°U, 25Th) HNO3 13N at 120 °C for two hours, and 238U and 2**Th were measured
using isotope dilution by a quadrupole ICP-MS (Agilent 7700x). Each calculated apatite age
(AHe) was corrected by alpha (a) ejection factor (Ft), determined using the Monte Carlo
simulation technique of Ketcham et al. (2011), and equivalent sphere radius (Rs) following
Gautheron and Tassan-Got (2010). Durango apatite replicates were analysed for each three
analysed aliquots yielding a mean age of 31.2 + 2.4 Ma (20), which agrees with the Durango
AHe age of 31.13 £ 1.01 Ma reported by McDowell et al. (2005). The 26 error on the AHe

age calculation is ~8, reflecting both sample heterogeneity and analytical procedure.

; Apatite grain

Figure 6. A. Selection and measurement of 5 aliquots of the best apatites crystals. B. Packing into a platinum

capsule to posterior degassing phase. Experimental protocol conducted at the GET lab.

For apatite fission-track (AFT) analysis, 18 samples were prepared at the
Geosciences Environnement Toulouse laboratory (GET, France — supervised by Dr
Stéphanie Brichau), but only 14 were finally analysed (fission-track counting). Over 100
detrital apatites (including all possible morphologies, colour, and sizes) compose a single
aliquot of a sample mounted in resin epoxy, then polished to reveal internal surface and
finally etched with 5 M HNOgz for 20 s at 20 + 0.5 °C to reveal the spontaneous fission-tracks.
Low-U muscovite sheets were attached over apatite sample mounts to be used as external
detectors (according to the external detector method, Fig. 7A). The apatite sample mounts
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intercalated with CN5 glass dosimeters, and Fish Canyon and Durango standard samples
(arranged as in Fig. 7B) were irradiated at the La Reina Nuclear Reactor (Santiago, Chile)
with a nominal fluence of 1.10% neutron/cm?. After irradiation, external detectors of all
samples and standards were etched for 40 min in 40% HF at 20 + 0.5°C to reveal the induced
fission tracks. Fission track densities were measured at the Institut des Sciences de la Terre
laboratory (ISTerre, Grenoble-France) under the supervision of Dr Mathias Bernet. Only
crystals with polished surfaces parallel to the crystallographic c-axis were counted, using an
Olympus BX51 optical microscope with a dry objective at 1250x magnification and a
digitising table FTStage 4.04 system (Dumitru, 1993). Fission-track ages were calculated
using the zeta-calibration method and the standard fission-track age equation (Hurford and
Green, 1983).
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Figure 7. A. Detailed process of the external detector method used for AFT (after Hurford and Carter, 1991).
The surface of a given mineral is polished and etched to reveal spontaneous tracks. Then a low-uranium mica
sheet is attached to mounting surfaces, and this assembly is submitted to irradiation (B). Some heavy particles
cross the interface between the mineral and the mica during the fission process, producing a mirror image of
the original grain. After, only the mica is etched to reveal the induced tracks. By counting the number of
induced tracks in the mica, it is possible to estimate the mineral’s uranium (or parent) concentration, whereas

by counting the number of spontaneous tracks in the mineral, it is estimated the concentration of the daughter
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product. B. Schematic illustration (modified from Jolivet et al., 2001) of the organisation of the samples in the

tube of irradiation which will be bombarded with neutrons to induce fission in 23°U.

The calibration parameter Zeta () is 322.9 + 7.69, and it was determined using
Durango and Fish Canyon Tuff standards at GET and ISTerre laboratories (Fig. 8). The 2
test and age dispersion (Galbraith and Green, 1990; Galbraith and Laslett, 1993; Galbraith,
2005) were used to assess the homogeneity of AFT ages. However, due to the high dispersion
inherent to sedimentary samples, the central age was chosen as it represents the best measure
of the spread in single grain ages. Furthermore, only the youngest peak ages or minimum
ages (Brandon et al., 1998) were geologically significant. Due to the low-U content in
apatites, horizontal confined track lengths are not abundant, but all those present in each
apatite grain were measured to carry out a track length distribution analysis and thermal
history reconstruction. Likewise, the Dpar values (etch pit lengths parallel to the
crystallographic c-axis) were measured in all samples and approximated the chemical
composition of apatites (crucial parameter for track annealing). The radial plots
representation of all AFT ages and computed central ages were conducted with RadialPlotter
software (Vermeesch, 2009, 2012). Additionally, to explore plausible t-T trajectories and
extract thermal histories consistent with our data, the software HeFTy (Ketcham, 2005) was

used to conduct the inverse modelling.
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Figure 8. Zeta () values measurement evolution and weighted mean value (322.9 + 7.69 for Huber Rivera),

determined on Durango and Fish Canyon tuff apatite standards at the GET and ISTerre labs.
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I-2.4 Structural geology

The primary purpose of the structural geological analysis is the identification of the
main structural domains of the fold and thrust belt (hinterland, internal, external),
recognising the different structural styles, and quantifying the amount of deformation. This
approach will reconcile the precedent sedimentary infill study with the tectonic history of

the orogen to further constrain the geodynamic processes that affected the orogen-basin pair.

One structural section was constructed based on georeferenced field data (contacts,
dip measurements, stratigraphic units) and complemented with surface structural data
recorded in unpublished reports provided by ENAP (Empresa Nacional de Petr6leos de
Chile). The structural sections were complemented (merged) with other previous works
(Farfan, 1994; Betka et al., 2015) focused on the innermost part of the orogen, where it was
not possible to access during the fieldwork campaigns. The projection of the structures in
the subsurface and characterisation of the structural geometry of the basin was supported by
multiple 2D seismic lines and exploratory wells data, with which two regional seismic
profiles were composed. The interpretation of the regional seismic profiles was based on
stratigraphic-seismic criteria and their relationship with the structures kinematics. Depth and
thickness measurements were derived through velocity-depth conversion models.
Shortening was measured by retrodeformation of key stratigraphic intervals. The temporality
of the deformation is constrained thanks to the U-Pb dating in detrital zircons, sedimentary

provenance, growth strata identified in the seismic and thermochronological results.
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CHAPTER II-1:

UPPER CRETACEOUS - MIOCENE
CHRONOSTRATIGRAPHIC AND
TECTONOSTRATIGRAPHIC FRAMEWORKS

Chapter 11-1 present an updated regional chronostratigraphic and tectonostratigraphic
framework for the Upper Cretaceous to early Miocene strata fo the Magallanes-Austral
Basin (excluding Tierra del Fuego). This chapter is intended to be submitted in 2022 to the
Journal of South American Earth Sciences (JSAMES). The refined chronostratigraphic
framework incorporates an extensive database of detrital zircon U-Pb analyses to report
maximum depositional ages, complemented with relevant biostratigraphic data. The
tectonostratigraphic framework is constructed from the analysis of regional 2-D seismic-
reflection profiles appropriately tied to boreholes data (markers and formation tops). These
new frameworks (and data sources) lead to constraints on the basin correlations, highlight
regional unconformities and the episodic nature of the magmatic arc is (identifying main
pulses, lulls, and tempos of magmatism). This chapter is complemented by the article
published by Ramirez de Arellano, Calderdn, Rivera et al., 2021 "Neogene Patagonian
magmatism between the rupture of the Farallon plate and the Chile Ridge subduction”
attached as Annex B-1.

HIGHLIGHTS:

e High-precision in maximum depositional ages for numerous Cretaceous to
Cenozoic formations.

e Enhanced basin-wide correlations and revision of the stratigraphic nomenclature.

e Five regional unconformities with constraints on age and duration along the basin.

¢ Identification of two new pulses of magmatism and three magmatic lulls in the arc.

o Farallon-Aluk and Farallon breakup impacted on the unconformity development.
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11-1.1 Introduction

Andean foreland basins are well known as valuable repositories of information about
the temporal shifts in shortening and deformation style of the thrust-belts (Bayona et al.,
2008; Ghiglione et al., 2010; Horton et al., 2016), changes in arc magmatism dynamics
(Hervé et al., 2004; Butler et al., 2020; Capaldi et al., 2020, 2021), river systems genesis and
drainage reorganisation (Hoorn et al., 1995; Horton and DeCelles, 2001), paleoclimate
fluctuations and landscape evolution (Fosdick et al., 2017; Gutiérrez et al., 2017; Varela et
al., 2018), tectonically and eustatic-driven accommodation harbouring marine transgressions
that impact biodiversity (Hernandez et al., 2005; Aguirre-Urreta et al., 2011; Jaramillo et al.,
2017; Rivera et al., 2020), and also known as essential hosts of important paleontological
sites (Hoorn et al., 2010; Antoine et al., 2016; Otero et al., 2015; Otero et al., 2021) and
economic resources (Jacques, 2004; Rosello et al., 2008; Macellari, 2021). However, a
comprehensive and exhaustive chronostratigraphic framework is required as the key to
access those foreland basin records and provide answers to all these scientific and industrial

provoking topics.

Even if a chronostratigraphic framework exists in a basin, it must have a level of
precision determined by the temporal resolution required from each of the geological
processes involved in the different research issues. The timing of backarc to foreland stage
transition, stages of basing fill, orogenic-driven cyclicity, clastic wedge progradation, spatial
and temporal variation in deformation episodes, palaeodrainage and sediment accumulation
rates are processes that operate in foreland basins at the scale of 108-107 yrs (DeCelles et al.,
2009; Miall, 2016; Catuneanu, 2019a). In this regard, a chrono-biostratigraphic basis cannot
always accurately bracket the aforementioned geological processes (due to the uncertainty
of their biochrons), arising the need for integration with high-resolution methods as detrital

zircon U-Pb geochronology (e.g., Dickinson and Gehrels, 2009; Daniels et al., 2018).

The Magallanes-Austral foreland basin, in the southernmost tip of South America
(Fig. 1), has long been recognized for its coal and oil/gas resources (Bonarelli, 1917;
Feruglio, 1949; Thomas, 1949; Hunicken, 1955; Rosello et al., 2008) and ultimately by its
non-conventional hydrocarbons and geothermal potential (Zurita et al., 2013; Schenk et al.,
2016). Further, this basin is key to understanding the Andean orogenic evolution in
geodynamic complex scenarios (e.g., the interplay of several tectonic plates, active ridge
collisions, the opening of Drake Passage), palaeofaunistic and palaeofloristic interchange
dynamics between South America and the Antarctic Peninsula (Leppe et al., 2012) and
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ecological conditions during the K-Pg transition in southern high-latitudes. The first
chronostratigraphic frameworks (e.g., Natland et al., 1974; Cafion and Ernst, 1975; Biddle
et al., 1986), very useful in the petroleum industry, were based mainly on the study of
foraminiferous fossils and, to a lesser extent on macroinvertebrates. However, the almost
exclusive use of benthic foraminifera and low stratigraphic resolution of biochrons prevented
precise dating of the formations, limited effectiveness in recognising unconformities and led
to problems of correlations of the formations between Chile and Argentina that persist to the
present (Fossa Mancini et al., 1938; Hoffstetter et al., 1956; Biddle et al., 1986; Malumian
et al., 2013; Sickmann et al., 2018). Nevertheless, with the progress of detrital zircons U-Pb
geochronology to estimate maximum depositional ages, the chronostratigraphy of the
Magallanes-Austral basin has resumed on a renewed air. The latter has allowed alleviating
the confusion in intrabasinal correlations (across political limits), better understanding the
evolution of the phases of sedimentary fill and facies transitions, highlighting the presence
of unconformities in the stratigraphic record and a better understanding of orogenic uplift in
the Southern Patagonian Andes (Fildani et al., 2003; Mpodozis et al., 2007; Barbeau Jr. et
al., 2009; Romans et al., 2010; Malkowski et al., 2017; Sickmann et al., 2018; Daniels et al.,
2018, 2019; George et al., 2020; Rivera et al., 2020; Fosdick et al., 2020; Ghiglione et al.,
2021, among others).

In this work, we present an examination of the chrono- and tectono-stratigraphic
relationship for Upper Cretaceous to lower Miocene units along the axis of the Magallanes-
Austral foreland basin (49.5°-53.6°S) in the Santa Cruz Province (Argentine) and ultima
Esperanza and Magallanes Provinces (Chile). Our analysis integrates new 25 detrital zircon
U-Pb geochronological results and seismostratigraphic characterisation in two regional
seismic profiles (~350 km long) with an extensive database of previously-published
geochronological results and more than 50 years of active research in regional stratigraphy,
sedimentology, and structural geology. The purpose of this work is four-fold: (1) use detrital
zircon maximum depositional ages to enhance the chronostratigraphic framework; (2) to
identify and constrain the timing and duration of unconformities along-strike the basin; (3)
to construct an updated tectono-stratigraphic framework to group different lithostratigraphic
units into genetically related packages in terms of orogenic processes that accompany the
basin filling; (4) monitor the spatial and temporal behaviour of the magmatic arc. The results
have implications to the synergy of stratigraphic-sedimentologic knowledge achieved in

different sectors of the basin, to provide a time template for the paleontological research, to
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enhance understanding of tempos in subduction-related magmatic arcs, and to decipher the
complex tectonic evolution of Southern Patagonian Andes.
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Figure 1. The morphotectonic setting of the Magallanes-Austral foreland basin (modified from Fildani et al.,

2008). Contours indicate foreland sediment thickness (after Ghiglione et al., 2009). The black boxes indicate
the location of the study areas.

I1-1.2 Study areas

The study area encompasses a north to south transect (~420 km; 49.5°-53.6°S) along
the axis of the Magallanes-Austral foreland basin (known as Magallanes in Chile and Austral
in Argentina) in its continental domain (i.e., excluding Tierra del Fuego) trespassing the
international borders of Argentina and Chile, in the Santa Cruz Province (Argentina), and in
the Ultima Esperanza, and Magallanes Provinces (Chile). This study examines numerous
stratigraphic units with several nomenclatures and reports new stratigraphic and
geochronological data combined with previously published information that constitutes a
large database. Therefore, to facilitate the analysis, we subdivided the study area into four

stratigraphic areas from north to south (Fig. 2): (1) the Lago Viedma-Argentino area (LVA)
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in the Santa Cruz Province; (2) the Sierra Baguales area (SB), in the Ultima Esperanza
Province; (3) the Cerro Castillo-Rio Turbio-Natales (CTN) area, in the Santa Cruz and
Ultima Esperanza Provinces; (4) the Skyring sound-Brunswick Peninsula (SKB) area, in the

Magallanes Province.
11-1.3 Geologic and tectonic setting

The tectonic history of the Southern Patagonia onset with the development of the
marginal Rocas Verdes Basin (RVB) linked to the breakup of Gondwana in the Middle to
Late Jurassic (Dalziel et al., 1974; Dalziel, 1981; Pankhurst et al., 2000; Calderon et al.,
2013). This enlarged extension in the continental crust resulted in the formation of a quasi-
oceanic floor (the Sarmiento, Capitan Aracena, and Tortuga ophiolite complexes),
voluminous ignimbrite eruptions (the EI Quemado and Tobifera formations), and a thick
fine-grained volcaniclastic and siliciclastic succession (the Springhill Formation and Rio
Mayer/Zapata/Erezcano/Canal Bertrand formations) (Fig. 1 and 2). The extensional RVB
opened from south to north as far as 50°S, being broader, deeper and with a more-evolved
seafloor spreading to the south (Dalziel et al., 1974; de Wit and Stern, 1981). The closure of
the RVB took place from the end of the Early Cretaceous until the Late Cretaceous, involving
underthrusting and obduction of its components (Klepeis et al., 2010; Calderon et al., 2013;
Fildani and Hessler, 2005; McAtamney et al., 2011; Malkowski et al., 2017) and whose
remnants now form part of the Patagonian fold and thrust belt to the east of the Magallanes-
Austral foreland basin and, in turn, to the west of the Southern Patagonian Batholith (Fig.
1).

11-1.3.1 Cordilleran magmatic arc

South of the Chile triple junction is extended the Southern Patagonian Batholith
(SPB; 47°S-53°S) formed by the amalgamation of subduction-related calc-alkaline plutons
(Bruce et al., 1991; Hervé et al., 2007) which intruded mainly low-grade, metasedimentary
components of the Eastern Andean Metamorphic Complexes (late Devonian to Permian;
Hervé et al., 2003), and part of the fold-and-thrust belt (Fig. 1). The temporal pulsing of the
plutons ranges from Jurassic to Neogene (Bruce et al., 1991; Hervé et al., 2007), where its
older plutons (157-145 Ma) are coeval with episodes of voluminous, silicic volcanism of the
Tobifera and EI Quemado formations in the RVB to the east of the batholith (Pankhurst et
al., 2000; Hervé et al., 2007). Although the activity of the SPB reveals a first-order continual
record of plutonism (Bruce et al., 1991), over short periods can be highlighted its episodic

behaviour. Hervé et al. (2007) have proposed three magmatic pulses during the Cretaceous,
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e.g., K1: 144-137 Ma, K2: 136-127 Ma, K3: 126-75 Ma, which are emplaced preferentially
in the occidental and axial part of the batholith and characterized isotopically by
progressively cortical to mantellic signatures (eNdt from -4 to +2). For the Cenozoic, there
are two magmatic pulses, e.g., Pg: 67- 40 Ma, Ng: 25-15 Ma, emplaced spatially in the axial
part of the batholith and characterized isotopically by a strong mantellic signature during the
Paleogene (eNdt +5) but more variable during the Neogene (eNdt from -1 to +5 ). Between
48°-51°S, some Miocene calc-alkaline intrusives (younger than ~18 Ma) have been
emplaced to the east of the axis of the SPB (Fig. 2), suggesting a possible eastward migration
of locus of magmatism (Ramirez de Arellano et al., 2012, 2021). However, farther south
(51°-53°S) is not clear the same trending for the Miocene plutons. Nevertheless, it is worth
mentioning that the Punta Camden intrusive and the volcanic complex of the Cordillera
Vidal-Cordillera Pinto (Fig. 2) represent the most eastward evidence of arc magmatism with
calc-alkaline transitional signature around the 19 Ma in the Magallanes Province (Morello
et al., 2001; Ramirez de Arellano et al., 2021).

11-1.3.2 Cretaceous foreland basin history

Because of the inherited structural architecture and differential closure time of the
RVB, the onset of the Magallanes-Austral foreland basin history is marked by a north to
south diachronism in sedimentation and subsequent evolution. Deep-marine, coarse clastic
deposition marking the onset of the foreland basin history started as early as 115 Ma in the
northernmost part of the basin (LVA, Fig. 2), progressing southward by 93 Ma in the middle
part (SB and CTN; Fig. 2), and by ~89 Ma in the southernmost part of the basin (SKB; Fig.
2). The early basin fill is represented by the undifferentiated units of Cerro Toro-Alta Vista
formations in the LVA (Malkowski et al., 2017b; Sickmann et al., 2018); the Punta Barrosa
Formation in the SB and CTN (Wilson, 1991, Fildani et al., 2003); and Latorre Formation
in the SKB (McAtamney et al., 2011).
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Figure 2. Simplified geological map of the study areas in the Magallanes-Austral foreland basin. For each

study area, the stratigraphic nomenclature is indicated on the right. Map-based on first-author fieldwork and
modified from Malumian et al. (2000), Sernageomin (2003), Nullo et al. (2006), Fosdick et al. (2011), Giacosa
et al. (2013), Gutiérrez et al. (2017), and Daniels et al. (2019).
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A southward-directed dispersion of sediments was dominant in the northern and
middle part of the basin, but sediment routing systems were more complex farther south
(McAtamney et al., 2011; Rivera et al., 2020). The following deep-marine sedimentation
stages represent a more confined turbidite system inferred to be coincident with a major
phase of thrust-sheet emplacement and are recorded by the Cerro Toro, Alta Vista-Mata
Amarilla formations (in LVA), Cerro Toro Formation (in SB and CTN), and Barcéarcel
Formation (in SKB) (Romans et al., 2011; McAtamney et al., 2011; Malkowski et al., 2017b;
Sickmann et al., 2018). The end of the deep-marine sedimentation was reached first in the
northernmost part of the basin (LVA), where the assemblage of the Piedra Clavada/La
Anita/Mata Amarilla/Cerro Fortaleza formations mark the transition to shallow-to-non
marine sedimentation from the Albian up to Campanian depending upon the area
investigated (see further details in Varela et al., 2012; Malkowski et al., 2017a,b; Sickmann
et al., 2018). This transition does not occur until the latest Cretaceous (~78-65 Ma) in the
other parts of the basin, where the deep-marine turbiditic succession is capped by
depositional slope and outer shelf facies of the Tres Pasos Formation (in SB and CTN) and
Fuentes Formation (in SKB) (Hubbard et al., 2010; Romans et al., 2011; Hubbard et al.,
2014; Gutiérrez et al., 2017; Bauer et al., 2020; Rivera et al., 2020). These deposits are, in
turn, followed by deltaic-incised valleys systems and shoreface deposits of the Dorotea (in
SB and CTN) and Rocallosa Formations (in SKB), respectively (Covault et al., 2009;
Romans et al., 2011; Schwartz and Graham, 2015; Gutiérrez et al., 2017; Manriquez et al.,
2019; Bauer et al., 2020; Rivera et al., 2020).

11-1.3.3 Cenozoic foreland basin history

The Cenozoic sedimentary fill has been much less studied than its cretaceous
counterpart, particularly in the southern reaches of the Magallanes-Austral foreland basin.
In the northern (LVVA) and middle parts (SB and CTN) of the basin, a prolonged hiatus in
the Paleogene of variable duration (~15-33 Myr) depending upon the position in the basin
(Fosdick et al., 2015a; Gutiérrez et al., 2017; Sickmann et al., 2018; George et al., 2020)
indicates either an interruption in sedimentation or cannibalization of the strata. Towards the
south, in the SKB area, the Paleocene-early Eocene is characterized by thick shales,
siltstones, and clay-rich, glauconitic sandstones of the Chorrillo Chico and Agua Fresca
Formations reflecting a progressive shallowing from deep-marine northwest-ward
prograding turbidite fan system to outer shelf deposits, respectively (Charrier and Lahsen,
1969; Mella, 2001; Rivera, 2017; Rivera et al., 2020). Subsequently, during the Eocene

49



Second Part >> Chapter 11-1: Stratigraphic and Tectonostratigraphic frameworks

(~45-33.9 Ma), a generalised shallow marine sedimentation occurred in all the studied areas,
but with certain particularities from north to south. In the LVA area (Fig. 2), the Man Aike
Formation represents the evolution of an incised valley system (Casadio et al., 2009) that
southward, in the SB area (Fig. 2), a wave-to-tide-influenced estuary is better represented
(Le Roux et al., 2010; Gutiérrez et al., 2017). Further south, in the CTN area (Fig. 2), the
first author has recognised tidal-influenced, meandering fluvial channels in the base of Rio
Turbio Formation (around Cerro Castillo town and at Rio Turbio town; Fig. 2). Previous
authors have interpreted marginal marine environments for the Rio Turbio Formation, which
ranges from the foreshore, tidal channels, and tidal flats for its lower member and tide-
dominated, outer estuarine and coastal plains for its upper member (Santos-Garcia, 1988;
Azcuy and Amigo, 1991; Pearson et al., 2012). On the other hand, in the southernmost part
studied in the basin (in SKB), age-equivalent rocks represent a northeast-ward prograding
fluvial-dominated and tide-influenced, deltaic facies of the Tres Brazos Formation and the
Loreto Formation, respectively, interrupted by shelf mudstones of the Lefia Dura Formation
(Mella, 2001; Rivera, 2017). In the Oligocene-Miocene (~33-18 Ma), dominant fluvial
sedimentation was established, as reflected by the conglomerates and pebbly sandstones of
the Rio Leona, Rio Guillermo, and El Salto Formations (Malumian and Caramés, 1997;
Gutiérrez et al., 2017; Rivera, 2017; Leonard et al., 2020). In the LVA and SB areas (Fig.
2), the Rio Leona Formation is interpreted as high-energy braided systems to low energy
meandering and anastomosed systems in a coastal plain (Marenssi et al., 2005, 2003;
Gutiérrez et al., 2017). In the CTN area, particularly near Rio Turbio town (Fig. 2), the first
author has recognised facies that can be ascribed to alluvial fans systems in the basal part of
the Rio Guillermo Formation, which is consistent with a previous work of Santos-Garcia
(1988). However, near Cancha Carrera town (Fig. 2), Leonard et al. (2020) interpret a low-
energy, tidal-affected coastal plain system and coarse-grained sandy braid plain
environments. In the southernmost SKB area (Fig. 2), the El Salto Formation exhibits a
proximal, high-energy, braided river system of gravels and sands (its basal member) to a
more distal, braided, arenaceous fluvial system close to a coastal plain (its upper member)
(Rivera, 2017). However, Mella (2001) interpret fluvial to paralic environments for the El
Salto formation. These continental conditions were briefly interrupted by the Patagonian
Transgression during the early Miocene, when the shoreface and shelf deposits of the
Estancia 25 de Mayo Formation (21-19 Ma) was deposited in most studied areas (LVA, SB,
CTN; Fig. 2) (Marenssi et al., 2003; Cuitifio et al., 2012, 2015; Gutiérrez et al., 2017).

However, in the southernmost SKB area (Fig. 2), evidence of this marine incursion is absent,
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and age-equivalent strata are represented by the arenaceous fluvial system of the upper
member of the El Salto Formation (Rivera, 2017). The continental conditions returned soon
after that in all the basin by the Burdigalian (~18-15.8 Ma) with the fluvial conglomerates,
sandstones and rhyodacitic tuffs of the bearing Santacrucian mammals Santa Cruz (in LVA,
SB, and CTN; Fig. 2) and Palomares Formations (SKB; Fig. 2) (Bostelmann et al., 2013;
Cuitifio and Scasso, 2013; Cuitifio et al., 2016; Gutiérrez et al., 2017; Rivera, 2017).

11-1.4 Data source and methodology

To refine the Upper Cretaceous-Miocene chronostratigraphic framework and identify
regional hiatuses or unconformities, we collected 25 samples of medium-grained sandstones
and volcanoclastic deposits to detrital zircon U-Pb dating. These samples correspond to the
Latorre (n=1), Dorotea (n=3), Man Aike/Rio Turbio (n=4), Tres Brazos (n=2), Rio
Guillermo (n=1), Loreto (n=7), El Salto (n=4), and Palomares (n=3) formations (Table 1).
Detrital zircons were extracted in the Sample Preparation Laboratory of the Geology
Department at the University of Chile following standard crushing, density, and magnetic
concentration techniques (e.g., Rivera et al., 2020). U-Pb geochronological results were
obtained in 3 laboratories: (1) at the Mass Spectrometry Laboratory (CEGA) of the
University of Chile, using LA-MC-ICP-MS technique; (2) at the Geochronology Laboratory
of SERNAGEOMIN (Chilean Geology and Mining Service) by using LA-ICP-MS practices;
(3) at the Laboratory of Isotopic Studies (LEI) of the Geosciences Centre-UNAM, using LA-
ICP-MS technique. On average, 91 grains were dated in all samples but 46 in the CC1
sample. Analyses on the target zircons were conducted with a 30-33 um diameter spots with
output energy of 2.5 mJ/cm2, and a repetition rate of 5-7 Hz and the reported ages are based
primarily on 2°°Pb/238U ratios for <1000 Ma grains and 2°°Pb/?°’Ph for >1000 Ma grains both
with uncertainties at the 2o level. Further description of procedures is outlined in Solari et
al. (2010) and Rivera et al. (2020). Other previous published geochronological data
incorporated in the chronostratigraphic analysis include U-Pb ages determined from detrital
zircon (e.g., Hervé et al., 2004; Mpodozis et al., 2006; McAtamney et al., 2011; Otero et al.,
2012; Bostelmann et al., 2013; Fosdick et al., 2015, 2020; Gutiérrez et al., 2017; Sickmann
et al., 2018; Daniels et al., 2019; George et al., 2020; Rivera et al., 2020) and volcanic ashes
(e.g., Fosdick et al., 2011; Cuitifio et al., 2012, 2016), as well as strontium isotope dates (e.g.,
Cuitifio et al., 2012, 2015). Dates reported in those studies were acquired via SHRIMP-RG
(Hervé et al., 2004; Alvarez et al., 2006; Otero et al., 2012; Bostelmann et al., 2013), LA-
MC-ICP-MS (Gutiérrez et al., 2017; Rivera et al., 2020; Fosdick et al., 2020), LA-ICP-MS
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(McAtamney et al., 2011; Cuitifio et al., 2012, 2016; Fosdick et al., 2015a, b; Sickmann et
al., 2018; Daniels et al., 2019; George et al., 2020; Rivera et al., 2020) techniques. Analytical

procedures are outlined in the previous references.

To constrain deposition timing in the basin, we determined maximum depositional
ages (MDA’s) for each sample. The 2°°Pb/?38U ages were utilised according to the filter of
concordance of <80% or >120%. We use four well-known metrics following Dickinson and
Gehrels (2009), Schwartz et al. (2017), and Coutts et al. (2019) to obtain the most accurate
representation of the MDA’s which ranges from the lower to higher statistical robustness
using the single youngest grain up to multiple grains, respectively. 1) The youngest single
grain (YSG1o). 2) The weighted mean of the youngest cluster of grains (minimum two) that
overlap within 16 (YClo). 3) The weighted mean of the youngest cluster of grains (minimum
three) that overlap within 26 (YC20). 4) The weighted average of the youngest statistical
population of grains (minimum two) (YSP2c), which mean square weighted deviation
(MSWD) does not exceed 1, indicating that the scatter in ages is explained by analytical
uncertainty. Additionally, a range of acceptable MSWD (after Mahon, 1996) was presented
for the YClo and YC20 ages considering the sample size involved in the calculation, which
is helpful to highlight the meaningfulness of the analyses not exceeding the 95% confidence

limit. The criteria employed to select a preferred MDA over another are:

a) The reproducibility of dates (i.e., the higher number of grains included in a youngest-
age cluster, the more robustness is reached in results).

b) Proportionality between ages scattering and analytical uncertainty considering the
number of grains included in the analysis.

c) Consistency with biostratigraphic ages (for restricted biochrons), stratigraphic
position in a stratigraphic column, or similar stratigraphic intervals in different

sections.

However, an exception exists when near-depositional age zircons are limited,
then we use the YSG metric, which does not provide robust MDA’s but is acceptable as
it fits well with the last criterion above and because the analyses have a standard error
<2%. The calculated YClo ages are equal to YC2c ones for the half of the samples from
which both metrics were used. For the other half, the mean difference between both ages
is <2%, which magnitude does not overcome its standard error, only in these cases, we

preferred the YClo because of better stratigraphic consistency and have proven to be
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useful in chronostratigraphic studies (e.g., Sickmann et al., 2018; Daniels et al., 2019;
George et al., 2020).

The tectonostratigraphic analysis of the basin was based on the recognising and
delimitation of third-order sequences in the subsurface over a ~W-E regional seismic
profile (Fig. 1 and 6). The regional seismic profile consists of merging several
multichannel 2D seismic lines (recorded up to 5 s TWT) provided by Enap-Sipetrol. To
identify the sequence boundaries, we rely on observing seismic reflection terminations
(lapouts) such as toplaps, truncations, downlaps, and onlaps; these lapouts allow a
boundary can be traced and correlated laterally in the seismic profile. The temporal range
of each sequence and the lithostratigraphic units comprised are achieved by
concatenating well tops and markers data (from Enap-Sipetrol, e.g., G7 marking K-Pg
limit; Al) to the refined chronostratigraphic framework in the surface.

11-1.5 Results and interpretations

11-1.5.1 Detrital zircon U-Pb maximum depositional ages (MDA’s)

The geographic distribution of the new 25 samples and their coordinates are shown
in Figure 2 and Table 1, respectively. The stratigraphic position of the new 25 detrital zircon
samples and their corresponding normalised relatively probability density plots are presented
in Figure 3. The weighted mean ages plots used to the MDA’s determination from the
youngest cluster of age in each sample are presented in Figure 4. The net upward-
stratigraphically younging age-population peaks (Fig. 3) suggest a long-term volcanism
concomitant to the sedimentation, which implies that MDA's calculated for each
lithostratigraphic unit mirror the true depositional age. Furthermore, MDA’s calculated

reveal an excellent correspondence with previous biostratigraphic constraints.

The synthesis of new and revised detrital zircon MDA’s utilised to refine the
chronostratigraphic framework for the Campanian to Burdigalian strata of the Magallanes-
Austral foreland basin are summarised in Table 1. Recalculated MDA’s for samples
published by other authors is motivated due to whether lacking an MDA, an MDA previously
reported too conservative (i.e., older) according to its stratigraphic position, or because its
determination did not follow any of the parameters that we used in this study. These new
recalculated MDA’s do not underestimate or modify each of the conclusions of their original

publications.
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I1-1.5.1a Revision of published MDA’s

Dorotea Formation

In the SB area (Fig. 2), we recalculated the age of two samples (Zr-FB-1; Zr-FB-2;
Table 1) previously published by Gutiérrez et al. (2017) in the Tetas de las Chinas locality.
Previous MDA’s are too conservative and hence older as expected for their stratigraphic
position. For the Zr-FB-1 sample, we calculated an MDA of 72.0 £ 0.21 Ma from a
subpopulation of 2 grains (YClo). For the Zr-FB-2, an MDA of 71.7 £ 1.2 Ma is based on
the youngest single grain (YSG1o). The latter age is not as robust as the former, but it is a
good approximation to the depositional age because it is stratigraphically consistent and
agree with others reported MDA’s in the same locality and stratigraphic layer (e.g., Schwartz
etal., 2017).

Man-Aike Formation

In the SB area (Fig. 2), we recalculated the MDA of the Zr-PTO-77 sample (Table
1) previously published by Gutiérrez et al. (2017) from the Chorrillo Jabén locality, which
belongs to the top of the unit. The recalculated MDA is 38.74 + 0.66 Ma from a
subpopulation of 11 grains (YC2o). It is important to mention that the sample collected from
the level 7b (~170 m below of the Gutiérrez’s sample) in the stratigraphic column measured
by Le Roux et al. (2010), which age of 40.48 + 0.37 first reported by Le Roux (2012a) is
slightly older (e.g., conservative), since Otero et al. (2013) have described that this sample
has 6 grains ranging from 39 to 40 Ma. In this respect, the recalculated age for the Zr-PTO-
77 sample keep a stratigraphic consistency with that of Le Roux (2012a), and in turn,

corresponds to the youngest age reported for the Man-Aike Formation in the SB area.
Rio Turbio Formation

In the CTN area (Fig. 2), we recalculated the MDA for the 09-230 sample (Table 1)
previously published by Fosdick et al. (2015), which belongs to the base of the upper
member of the Rio Turbio Formation. This sample yields an MDA of 38.5 + 1.2 Ma from a
subpopulation of 8 grains (YC2o), which agrees with our VD1 sample in Chilean territory.

Loreto Formation
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In the SKB area (Fig. 2), particularly in the Las Minas River valley (type locality of
the Loreto Formation), Otero et al. (2012) have reported two detrital zircons U-Pb ages
(MINAS 2008-01; MINAS 2008-02; Table 1) which are too conservative as expected for its
stratigraphic position in the uppermost part of the unit. We have merged both samples into
a single one since the differences between both ages are within the standard error of both,
and they are stratigraphically separated by about 1 m. The final recalculated MDA for this
(unified) sample is 34.5 £ 1.1 Ma from a subpopulation of 4 grains (YClo). This MDA
represents the youngest published radiometric age for the Loreto Formation in its type
locality.
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Table 1. Summary of sample information and detrital zircon MDA’s for new and revised samples from the Upper Cretaceous to lower Miocene in the Magallanes-Austral foreland

basin. Acceptable MSWD after Mahon (1996).
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YClo (+2) YC26 (+3) YSP26 (+2) breferred
Coordinates Biostratigraphic YSG MSWD
Sample (Lat.; Long.) age (Maz*16) | Age(Ma) MSWD (Acceptable n | Age(Ma) (Acceptable n| Age(Ma) MSWD n MDA (Ma £
MSWD) 10)
MSWD)
New samples (this study)
TFP -52.274366°; -71.541095° _ 175+03 |17.82+047  18(0.001-502) 2 | 1807+0.37 17(0.072-3.117) 4 - - - | 17.82+047
KER -52.057444°; -72.006556° f;ﬂrtgfézﬁ?r:‘) 17.8+0.1 |17.87+0.16 0.097 (0.072-3.117) 4 | 17.87+0.16 0.097 (0.072-3.117) 4 | 18.11+0.07 097 16| *17.87+0.16
PT-01 -52.323517°; -71.526515° 186+07 | 18811  0.14(0.025-3.69) 3 |19.09+058 02(0.072-3.117) 4 |19.92+029 100 20| 18.8%1.1
RV-1 -52.673056°; -71.445833° | Ppatagoniense (late | 18.8+11 |19.62+0.90 18(0.072-3117) 4 | 19624043 18(0.072-3.117) 4 - - - | *19.62+0.43
Oligocene-early
CLCG -52.267922°; -71.653050° Miocene) 206+07 |20.69+093 0048 (0.001-502) 2 |20.77+0.79 0.082(0.025-369) 3 | 2093+0.70 029 4 | 20.69+0.93
DRT-2 -51.604764°; -72.328008° 'at?\jltifcoecnzne' 251404 |2546+062 0.96(0.025-3.69) 3 |2546+0.62 0.96(0.025-3.69) 3 | 2546+£062 096 3 | *25.46+0.62
SK-2 -52.551111°; -71.826722° | Patagoniense (late | 241403 |2551+049 032 (0.001-502) 2 26184074 31(0121-2.775) 5 | 2551+049 032 2 | 2551+0.49
Oligocene-early
ES-1 -52.562544°; -71.702528° Miocene) 297409 | 298+12 0007 (0.001-5.02) 2 - - - - - - | 208+12
ZIR-1 -52.685233°; -71.625878° 340+08 | 341+10  0029(0.025-3.69) 3 |3526+0.39 053 (0.509-1.657) 24| 3542+037 085 27| 341+1.0
IR-1 -52.687500°; -71.913944° e B 347405 | 353+14  15(0.025-3.69) 3 |3583+033 1.3(0.241-2.286) 8 | 3633+£027 100 13| 353+14
SK-1 -52.552861°; -71.851028° mIPri:bor??:r?e- 353205 |3545+067 0.31(0.001-502) 2 |3571+048 051(0.072-3117) 4 | 3583+043 070 5 | 3545+067
RL-1 -53.160230°; -70.983315° 345404 |3544+071 2.6(0.121-2.775) 5 |3552+058 2.4 (0.121-2.775) 6 | 3591+£027 097 7 | *3552+0.58
RPL-1 -52.702925°; -71.759367° 36.6+12 | 368+12 0023(0072-3117) 4 | 37.89+0.6 0.6 (0.432-1.800) 17 | 38.05+058 068 19| 36812
VD-1 -51.609861°; -72.338278° 'OWerEi‘écei';e"ate 366+13 |37.39£073 025(0.0723117) 4 |37.39£0.73 025(0.072-3117) 4 |3834+038 091 15| *37.39+0.73
NIRRE-1 | -53.137870° -71.060258° | middle Eocene- | 37.7+10 | 37.9+13  0.089(0.001-502) 2 |38.23+095 020(0.072-3117) 4 |39.96+069 094 8 | 37.9+13
RM-1 -53.141239°; -70.992761° Priabonian 37.9+09 | 380+12  0002(0.001-502) 2| 383+10  046(0.025-369) 3 | 3862+087 054 5| 38012
DG-1 -51.242028°; -72.247108° 'OWerE%‘écei’;e"ate 426+06 |4275+£077 012(0.025-3.69) 3 | 4275077 012(0.025-3.69) 3 | 42.75+077 012 3 | *42.75+0.77
cc2-3 -51.275564°; -72.285456° Campanian- 43711 - - - - - - - - S| 437+11
cc1 -51.256330°; -72.270430° | Maastrichtian 443+08 - - - - - - - - - | 443108
TBD-HL | -53.290336°; -71.008133° _ , 48616 - - - - - - - - - | 486:16
Lutetian/Bartonia-
late Eocene
TB2 -53.291715°; -71.014726° 60.18£09 | 60.7+13  0.75(0.001-502) 2| 61111  10(0.025369) 3| 6L1+11 10 3 -
cC2-2 -51.275569°; -72.286314° 558+12 | 60.47+08  093(0.025-3.69) 3| 59.9+29  55(0.072-3.117) 4 | 604708 093 3 | 6047+08
cc2-1 -51.274435°; -72.287449° ﬁ:;‘s‘fri’:‘rﬁgn 610£07 | 61.0+11 00082 (0.001-502) 2| 61L0+11 00082(0.001-502) 2 | 61.0+11 001 2| 61.0+11
CCK-1 -51.279137°; -72.313436° 653+09 |6645+083  2.4(0.025-3.69) 3| 664+28  24(0.025-369) 3 - - - | 66.45+0.83
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Chamo-2R | -52.530811°; -72.088392° ng’r:;gf]'g; 810+12 | 821+13  06(0.025-3.69) 3| 828+12  22(0.072-3117) 4 | 821+13 060 3| 821+13
Revised samples
SMot - Santacruci 174+07 | 176209 0114 (0.001502) 2 |17.71+0.74  0.16(0.025-369) 3 | 1874+028 098 25| *17.71+0.74
Zr-LF-0012 - (gﬂrgfézﬁ:‘r:‘) 164+05 | 175+04  036(0.121-2775) 6 | 17.5+04  036(0.121-2775) 6 | 181302 099 19| 175%04
09-2073 - 153+13 | 159+15  03(0.025-3.69) 3| 159+15  03(0.025-369) 3 | 17.8+048 094 11| *17.8+0.48
Zr-BAG-252 - late Eocene- 309403 | 31.2+03 061(0072-3.117) 4 | 312+03  061(0072-3.117) 4 | 312+03 061 4 | *312+03
Zr-PTO-812 - Oligocene 308+13 | 323+086  0.74(03-2111) 10| 32.3+086  0.74(0.3-2.111) 10| 325+0.82 093 11| *32.3+0.86
MINAS08-1&2* - m'gﬂfb'égic::e' 338+14 | 345%11  016(0.072-3.117) 4 |3541+044 0.36(0.402-1.864) 15| 3645+025 098 48| 345+11
09-2303 - '°WerE%‘éZi';e"ate 275+25 | 385+12  06(0.241-2286) 8 | 385+12  06(0.241-2.286) 8 | 385+12 060 8 | *385+12
Zr-PTO-772 - middle Eocene | 35.0+10 |38.74+066  0.89(0.3-2111) 10|38.74+0.66 0.89(0.325-2.05) 11|39.13+056 099 15| *38.74+0.66
Zr-FB-22 - Campanian- 717+12 - - - - - - - - 717+12
Zr-FB-12 - Maastrichtian 71.0+12 | 720+021  26(0.001-5.02) 2 - - - - - - | 720:021
865° - Santonian- 77.8+35 |79.18+085 065(0.121-2.775) 5 |80.29+062 14(0.325-2.050) 11| 79.18+0.85 007 5 | 79.18+0.85
9116° - Campanian 785+33 | 816+12  038(0.072-3117) 4 | 823+091  0.72(0.207-2.40) 7 | 823£091 072 7| 81612
0864A° - Coniacian- 91.7+21 | 933+29  067(0025-369) 3| 962+16  14(0121-2775) 5 |9635+0.88 098 8 | 93.3+29
993° ; Santonian 1038+11 | 1041+16  021(0.001-502) 2| 106+38  38(0.025-369) 3 | 1041+16 021 2 | 1041+16

* MDA'’s reported at 2c uncertainty

! Sickmann et al. (2018)

2 Gutiérrez et al. (2017)

3 Fosdick et al. (2015)
4Otero et al. (2012)

5 McAtamney et al. (2011)
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Rio Leona Formation

In the SB area (Fig. 2), we recalculated the MDA’s of two samples (Zr-PTO-81; Zr-
BAG-25; Table 1) previously published by Gutiérrez et al. (2017) from the Chorrillo Jabon,
and Chorrillo Las Flores localities, respectively. Both samples belong to the basal part of the
unit. The Zr-PTO-81 sample yields an MDA of 32.3 + 0.86 Ma from a subpopulation of 10
grains (YC20). The Zr-BAG-25 sample yields an MDA of 31.2 + 0.3 Ma from a
subpopulation of 4 grains (YC2c). These new ages are slightly younger than previously

reported but equally consistent stratigraphically.
Santa Cruz Formation

In the LVA area (Fig. 2), Sickmann et al. (2018) reported an MDA of 18.1 £ 0.3 Ma
(early Burdigalian) for their SM9 sample (belonging to the informal Cangrejo Sandstone),
which may be older (too conservative) than the true depositional age. We recalculated a
younger MDA of 17.71 = 0.74 from a subpopulation of 3 grains (YC2c). We consider that
this age fits better with the stratigraphic context of the surrounding areas (e.g., Bostelmann
et al., 2013; Cuitifio et al., 2016; Gutiérrez et al., 2017).

An MDA has not been reported for the 09-207 sample (Fosdick et al., 2015) in the
SB area (Fig. 2), placed in the lower to the middle part of the unit. The new MDA calculated
for the 09-207 sample (Table 1) is 17.8 £ 0.48 Ma from a subpopulation of 11 grains
(YSP2o). We consider that this age fits well with its stratigraphic position and stratigraphic
context from the same unit in surrounding areas (e.g., Bostelmann et al., 2013; Cuitifio et al.,
2016; Gutiérrez et al., 2017).

In the same SB area, the MDA of 16.8 + 0.22 Ma (late Burdigalian) for the Zr-LF-
001 sample (Table 1) was calculated by Gutiérrez et al. (2017) sub-estimates the uncertainty,
and it may be too younger than the true depositional age. A more conservative age is 17.5 +
0.4 Ma (mid-Burdigalian) from the subpopulation of 6 grains, excluding the two youngest

grains.
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a Cerro Castillo-Rio Turbio-Natales area stratigraphy b, Skyring sound-Brunswick Peninsula area stratigraphy
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Figure 3. The stratigraphic position of new samples (yellow points) with their composite histograms and
normalised probability density plots of detrital zircon U-Pb ages for the Cerro Castillo-Rio Turbio-Natales
study area (a) and the Skyring sound-Brunswick Peninsula study area (b). Lower case “n” beside the formation
name refers to the total number of grains younger than 200 Ma. Bluepoints are samples published by the first
author in Rivera et al. (2020).

11-1.5.1b New detrital zircon U-Pb MDA’s

Latorre Formation

In the SKB area (Fig. 2), on the north coast of Skyring Sound, the Chamo-2R sample
(Fig. 3) was collected from the upper part of the formation (Fig. 3). Detrital zircon ages range
between 81.0 to 2909 Ma (Fig. 3; Table 1) and yield an MDA of 82.1 + 1.3 Ma (Fig. 4; Table
1) from a subpopulation of 3 grains (YClo). This MDA matches well with those ages
reported by McAtamney et al. (2011) and with unpublished records of Enap (Mpodozis et
al. 2006).

Dorotea Formation

In the CTN area (Fig. 2), near the Cerro Castillo village, just <1 km from the
international border, three samples were obtained from the middle (CCK1) and upper part
(CC2-1; CC2-2) of the formation (Fig. 3). The CC2-1 and CC2-2 samples present ages
spectra ranging between 55.8 to 2710 Ma (Fig. 3; Table 1) and yield an MDA of 61.0 £ 1.1
Ma (subpopulation of 2 grains, YClo) and 60.5 + 0.8 Ma (subpopulation of 3 grains, YClo)

(Fig. 4; Table 1), respectively. For the CCK1 sample, detrital zircons U-Pb ages range from
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65.3 to 994 Ma (Fig. 3) and yield an MDA of 66.45 + 0.83 Ma (Fig. 4; Table 1) from a
subpopulation of 2 grains (YClo). All our calculated MDA’s match those reported by
Fosdick et al. (2020) for the same parts of the unit.

Tres Brazos Formation

In the SKB area (Fig. 2), the TBD-H1 and TB2 samples were obtained from the lower
part of the unit (Fig. 3) along the valley of the Tres Brazos River in its type locality. Detrital
zircons U-Pb ages range from 48.6 to 1456 Ma (Fig. 3). The MDA for the TB2 sample was
not possible to calculate because of the lack of near-depositional age zircons, whereas for
the TBD-H1 sample, the MDA was based on the youngest single grain (YSGlo) is 48.6 +
1.6 Ma (Fig. 4; Table 1), being the first radiometric age for this unit in the basin. We
recognise that this age is not statistically robust but could be a fair approximation of the
formation’s age considering the agreement with the middle Eocene biostratigraphic age

previously reported by Malumian et al. (2013).
Rio Turbio Formation

All of the samples from this unit are in the CTN area (Fig. 2). Two samples (CC1;
CC2-3) were obtained near to the Cerro Castillo village and belong to the lower part of the
Rio Turbio Formation (Fig. 3), and another sample (DG1) was obtained from the middle part
of the unit (Fig. 3) in the Don Guillermo River, just 800 m crossing the international border
in Argentina. Detrital zircon U-Pb ages from the CC1 sample range between 44.3 to 2658
Ma (Fig. 3; Table 1) and the MDA of 44.3 + 0.8 Ma (Fig. 4; Table 1) was calculated based
on the youngest single grain (YSGlo). CC2-3 sample presents detrital zircon U-Pb ages
from 43.7 to 2670 Ma (Fig. 3; Table 1), and an MDA of 43.7 £ 1.1 Ma (Fig. 4; Table 1),
based on the youngest single grain (YSG1o). Although these ages are not robust, we consider
they represent acceptable MDA’s because they have stratigraphic consistency, agree with
palaeontological ages and other MDA’s for a nearby stratigraphic layer (Fosdick et al.,
2015hb, 2020). Detrital zircon U-Pb ages from the DG-1 sample span 42.6 to 2211 Ma (Fig.
3; Table 1) and has a robust MDA of 42.75 = 0.77 Ma (Fig. 4; Table 1) from a subpopulation
of 3 grains (YC2o).

The VD1 sample was obtained near the base of the upper member of the Rio Turbio
Formation (Fig. 3), between the eastern flank of the Sierra Dorotea and the Dorotea village.
Detrital zircons U-Pb ages span from 36.6 to 143.3 Ma (Fig. 3; Table 1), and the MDA

calculated is 37.39 = 0.73 Ma (Fig. 4; Table 1) from a subpopulation of 4 grains (YC2o).
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This age agrees with our recalculated 38.5 + 1.2 Ma for the 09-230 sample (Fosdick et al.,

2015) on the other side of the international boundary between Chile and Argentina.
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Figure 4. Weighted mean ages plots showing calculated MDA’s for the new 21 detrital zircon samples
(excluding TBD-H1, CC2-3, and CC1 samples for which was employed YSG1c metric and TB1 which does
not yield near-depositional zircon ages). Individual zircon age uncertainty (error bars at 1o or 2o) is indicated
on the upper right side of each panel. MSWD = mean squared weighted deviation.

Loreto Formation

A total of seven samples were collected in the SKB area (Fig. 2). Three samples were
obtained from the Las Minas River (its type locality) valley and surrounding areas (RM1;
NIRE1; RL1). The RM1, NIRE1, and RL1 samples belong to the upper part of the formation
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(Fig. 3). Detrital zircons U-Pb ages range from 37.9 to 2560 Ma (Fig. 3; Table 1) for the
RM1 sample, 37.7 to 98.7 Ma (Fig. 3; Table 1) for the NIRE1 sample, and 34.47 to 109.9
Ma (Fig. 3; Table 1) for the RL1 sample. The MDA for the RM1 and NIRE1 samples are
38.0 £ 1.2 Ma and 379 + 1.3 Ma (Fig. 4; Table 1), respectively, both based on a
subpopulation of 2 grains (YClo); for the RL1 sample, the MDA determined is 35.74 +
0.31 Ma (Fig. 4; Table 1) from a subpopulation of 5 grains (YC2o).

The other four samples were obtained from outcrops on the northern coast of Riesco
Island (RPL; IR1; ZIR) and Skyring Sound (SK1) (Fig. 2). Detrital zircons U-Pb ages of the
RPL sample span from 36.6 to 129.9 Ma (Fig. 3; Table 1). The estimated MDA is 36.6 + 1.8
Ma (Fig. 4; Table 1) from a subpopulation of 2 grains (YC1o). The IR1 sample presents U-
Pb ages ranging between 34.7 to 143.7 Ma (Fig. 3; Table 1) with an MDA of 35.8 + 0.3 Ma
(Fig. 4; Table 1) based on a subpopulation of 8 grains (YC2c). The ZIR sample shows
detrital zircon U-Pb ages ranging from 34 to 315.3 Ma (Fig. 3; Table 1) and an MDA of
34.1 + 1.0 Ma (Fig. 4; Table 1) from a subpopulation of 3 grains (YClo). The latter is the
youngest radiometric age reported for Loreto Formation in the basin. Finally, the SK1
sample exhibits U-Pb ages from 35.3 to 117.9 Ma (Fig. 3; Table 1) with an estimated MDA
of 35.45 + 0.67 Ma (Fig. 4; Table 1) based on a subpopulation of 2 grains (YClo).
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Figure 4. (Continued).

Rio Guillermo Formation

The DRT2 sample was obtained near the unit's base (Fig. 3), east of the Dorotea
Village, within the CTN area (Fig. 2). Detrital zircons U-Pb ages range from 25.1 to 1033.6
Ma (Fig. 3; Table 1) and yield an MDA of 25.46 + 0.62 Ma (Fig. 4; Table 1) based on a
subpopulation of 3 grains (YC2c). The latter MDA is the first radiometric age for the Rio

Guillermo Formation in this locality.
El Salto Formation

Two samples (ES1; SK2) were obtained from the northern coast of Skyring Sound
(its type locality), one sample (RV1) to the east of the Fitz Roy channel, and another (CLC)
in the Cordillera Chilena locality (Fig. 2). All these samples are within the SKB area (Fig.
2). The ES1 and SK2 samples correspond to the basal Las Coles member of the formation
(Fig. 3), and the U-Pb ages spectrum range from 24.1 to 2466 Ma (Fig. 3; Table 1). The
MDA for the ES1 is 29.8 + 1.2 Ma (Fig. 4; Table 1) and 25.51 + 0.49 Ma (Fig. 4; Table 1)
for the SK2 sample, both MDA’s based on a subpopulation of 2 grains (YClc). The RV1
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sample corresponds to the middle Rio Verde member (Fig. 3). Detrital zircons U-Pb ages
span from 18.8 to 1696 Ma (Fig. 3; Table 1). The MDA’s calculated for the RV1 sample,
19.65 + 0.9 Ma (Fig. 4; Table 1) based on a subpopulation of 4 grains (YClo), is slightly
younger than expected for its stratigraphic position; hence, it could not represent the true
depositional age. However, in this locality, we do not have an accurate age constraint for the
overlying Palomares Formation, and we cannot rule out the possibility of younger ages of
the sedimentary system in this position of the study area. Furthermore, the MDA determined

is included within the standard error of the overlying CLC sample.

The CLC sample belongs to the upper San Antonio member of the El Salto Formation
(Fig. 3). It was collected from an isolated outcrop placed a few meters (stratigraphically)
below basaltic breccias belonging to the Conglomerado Vidal member of the overlying
Palomares Formation. This CLC sample is composed of cross-bedded, coarse-grained
sandstones, and the U-Pb ages spectra range from 20.59 to 649.4 Ma (Fig. 3; Table 1),
whereas the MDA calculated is 20.69 *+ 0.93 Ma (Fig. 4; Table 1) from a subpopulation of
2 grains (YClo). This age could be the youngest for the El Salto Formation in the study area.

Palomares Formation

In the same SKB area (Fig. 2), we dated three samples from different parts of the
Cordillera Chilena locality, and they represent the first U-Pb ages for the formation. The
KER sample was obtained from medium-grained sandstone from the Conglomerado Vidal
member in the Kerber locality. Detrital zircons U-Pb ages span from 17.8 to 529.7 Ma, but
97% of ages are well constrained to 17.8 - 22.4 Ma (Fig. 3; Table 1). The MDA for the KER
sample is 17.87 £ 0.16 Ma (Fig. 4; Table 1) based on a subpopulation of 4 grains (YC20).
The remaining two samples (TFP; PT1) belong to the lateral equivalent San José member,
and the detrital zircon U-Pb ages range from 17.5 to 1029 Ma (Fig. 3). The MDA for the
TFP sample is 17.82 £0.47 Ma (Fig. 4; Table 1) and for the PT1 is 18.85 + 0.97 Ma (Fig. 4;
Table 1), both based on a subpopulation of 2 grains (YClo). The latter age could be the

oldest one for the San José member in the Cordillera Chilena locality.
11-1.5.2 Tectonostratigraphic sequences

We have divided the sedimentary fill in the subsurface of the SKB area into relatively
conformable successions accumulated under particular tectonic regimes (tectono-

stratigraphic sequences, sensu lato) conditioning stratal stacking patterns, which can be
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categorised in different hierarchies (first-, second-, or third-order). These sequences are
consistent to a certain degree with the previous proposals of Biddle et al. (1986), Macellari
et al. (1989), and Mpodozis et al. (2011). It is essential to bear in mind the different foreland
depozones (i.e., wedge-top, proximal foredeep, distal foredeep, and forebulge; see DeCelles
and Giles, 1996) to avoid confusion in understanding the stratigraphic architecture of the
basin filling history.

I1-1.5.2a First- and second-order sequences

Three sequences (and bounding unconformities) have been identified, representing
first-order tectonic changes leading to the conformation of three different basin types at the
first-order scale of observation (Fig. 5). The first sequence groups synrift deposits of the
Chon-Aike Province (Pankhurst et al., 1998), manifested in the study area by the Tobifera
Formation (Thomas, 1949). This sequence is separated from the Paleozoic basement by the
Rift-Onset Unconformity (ROU) and limited in its top by the Breakup Unconformity (BU).
The BU marks the onset of a post-rift phase of sedimentation related to thermal subsidence
after the extensional climax, and it is characterised by truncation of synrift deposits (under
the unconformity surface) and transgressive onlaps (over the surface). This post-rift
sequence is represented in the surface of the study area by the Erezcano and Canal Bertrand
formations (Fig. 6). Both the synrift and post-rift sequences belong to the RVB. The Basal
Foreland Unconformity (BFU) limits the post-rift sequence and registers the change to a
compressional regime giving place to the inception of the Magallanes-Austral Foreland

Basin.

The Magallanes-Austral Foreland Basin can be divided into two sequences at the
second-order scale of observation (Fig. 5). These sequences represent important changes in
basin accommodation linked to changes in flexural and dynamic tectonic loads and
sedimentation rates (Catuneanu, 2019b; Rivera et al., 2018, 2019). The underfilled sequence
Is characterised by a wedge geometry and ‘flysch-like’ sedimentation in the proximal
foredeep (not shown in Fig. 5), whereas successive depositional onlaps toward the forebulge
(Springhill platform) occur. Lithostratigraphic units deposited in the proximal foredeep
depozone group from the Latorre to Tres Brazos formations (see Fig. 6); at the same time,
in the distal foredeep and forebulge, the subsurface (onshore Chile) stratigraphy is
represented by the informal Lutitas Arenosas, Zona Glauconitica, and Bahia Indtil group
(Biddle et al., 1986; Mpodozis et al., 2011). The Lutitas Arenosas unit is constituted by

marlstones, shaly limestones, and intercalations of shales and limestones deposited in an
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open-marine shallow platform or ramp (Mordojovich, 1951; Gonzalez, 1965; Biddle et al.,
1986). The Zona Glauconitica is composed of a time-transgressive succession of silty
claystones, siltstones and fine-grained, clayey, glauconitic sandstones with abundant
microfauna of foraminifera; some intercalations of pyritic black shales and siltstones, and
sandy limestones are present (Hauser, 1964; Mella, 2001; Mpodozis et al., 2011). This unit
was deposited under low sedimentation rates and long periods of starvation of sediments
above an uplifting shallow platform (Biddle et al., 1986; Mella, 2001). The informal Bahia
Inatil group manifested as a succession of shales, siltstones and fine-grained clayey
sandstones with abundant macro and microfauna, representing sediments deposited under
pelagic conditions and influenced by turbiditic processes in a distal slope environment
(Canon, 1968; Mpodozis et al., 2011). The assemblage of the Lutitas Arenosas-Zona
Glauconitica-Bahia Inatil represents the 'underfilled trinity' (sensu Sinclair, 1997) typical of
a retreating collisional foreland basin system (c.f. DeCelles, 2012), however, developed in

an Andean-type scenario.

The overfilled sequence (Fig. 5) is demarked by the Underfilled to Overfilled
Transition Unconformity (UOT = P-2 unconformity), representing about the middle Eocene.
The wedge geometry is almost nil and rather resembles a subtabular shape. A prograding to
aggrading stacking pattern characterises the overfilled sequence, which group the
lithostratigraphic units known in the SKB area as the Lefia Dura, Loreto, El Salto and
Palomares formations (Fig. 6). The subsurface stratigraphic nomenclature in the forebulge
depozone is similar to formal stratigraphic names defined in the Magallanes and Tierra del
Fuego Provinces; it includes the Loreto Formation, Areniscas Arcillosas informal unit and

the Brush Lake, Filaret and Palomares formations.

I1-1.5.2b Third-order sequences

There are five regional unconformities, clearly discernible in the west to east
(foredeep to forebulge) seismic profile by terminations in onlap, truncations, toplap and
downlaps, limit six stratigraphic sequences at the third-order scale of observation (Fig. 5).
These sequences with distinct stacking patterns reflect (1) lateral mobility of the depocenters
(or zones of accumulation active) regarding the active orogenic belt and (2) changes in the
sedimentation dynamics (e.g., source of sediments, depositional systems) in response to
fluctuations in the amount of orogenic loading and eustatic sea-level changes that enlarge or

abate accommodation.
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The Upper Cretaceous up to the middle Eocene sequences (KS1 to PS2), with
characteristic wedge shape geometry and strongly onlaping towards the forebulge (Fig. 5),
highlight the flexural tectonism influencing their genesis. In the proximal foredeep, this
sedimentary prism represents the filling of a deep-water basin, with shallowing episodes of
sedimentation (e.g., KS2, top of PS2). The PS3 sequence from the middle to upper Eocene
shows a subtabular to subtle wedge geometry that overflows the flexure and covers the
forebulge (Fig. 5). The PS3 sequence can be considered a transient state (filled) between the
underfilled and overfilled basin phases. It is characterised by a complex of progradational
clinoforms filling the increasingly shallow foredeep, with shallow and continental marine
facies in the proximal foredeep passing laterally to deeper water facies in the distal foredeep
and above the forebulge. The PS4 sequence exhibit a subtle wedge geometry signalling
limited flexural tectonism in its genesis and characterised by continental sedimentation on
the wedge-top and proximal foredeep and possibly transitional facies on the forebulge. The
NS1 sequence is subtabular to tabular (Fig. 5), reflecting a sediment supply in excess of the
available accommodation generated by the marked decreasing flexural and dynamic
subsidence. A 'molasse-like' sedimentation characterises the NS1 sequence with dominant
continental sedimentation prograding over the forebulge. Further details about the
sedimentological characteristics of each sequence (and lithostratigraphic units they include)

are beyond the scope of this work and will be presented elsewhere (Chapter 111-2).

The correlations with the surface geology of the SKB area allow groups to
lithostratigraphic units within each sequence. The KS1 sequence includes the Latorre and
Barcarcel formations. The KS2 sequence groups the Fuentes and Rocallosa formations. The
first Paleogene sequence, PS1, is represented by the Chorrillo Chico Formation. The PS2
sequence includes the Agua Fresca and Tres Brazos formations. The PS3 sequence groups
the Lefia Dura and Loreto formations. The PS4 sequence includes the lower part of the El
Salto Formation. Finally, the first Neogene sequence, NS1, includes the upper part of the El
Salto and Palomares formations. Therefore, the time involved in each sequence is depicted

by the age of formations they include (see Fig. 6).

11-1.6 Discussion

11-1.6.1 Refined chronostratigraphic framework

We integrated our U-Pb geochronological results with previously published

radiometric ages and foraminifera and dinoflagellate cysts biozones to update the
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chronostratigraphic framework of the Upper Cretaceous to lower Miocene strata (Fig. 6)
along the axis of the Magallanes-Austral foreland basin (49.5°-53.6°S).

We consider our more robust MDA’s to be the best approximation of true
depositional ages based on the following arguments. Statistically, the YC1c and YC2o rarely
are younger than the true depositional ages (Dickinson and Gehrels, 2009; Coutts et al.,
2019). Analytically, YClo and YC2o ages are identical, yield standard error <2%, and
overlap within the uncertainty of TIMS-acquired ashes in the basin (Daniels et al., 2018;
Coutts et al., 2019). Geologically, the Mesozoic-Cenozoic Southern Patagonian Batholith
(Hervé et al., 2007) maintained long-term proximity (<200 km) and connectivity with the
foredeep (Romans et al., 2010; Rivera et al., 2020), providing syn-depositional zircons to

the basin that mirror the ages from constrained biochrons (e.g., Rivera, 2017; Fig. 3).

The maximum age of deposition of the base of the first foreland deposits is well
constrained in the north of the basin (LVA, SB, and CTN areas; Figs. 2 and 6) (Daniels et
al., 2019). At the same time, in the SKB area, it is necessary to thoroughly investigate the
tectonic context of the Canal Bertrand Formation (Figs. 2 and 6) since that may represent
the first turbiditic deposits of the foreland basin in this locality. Sedimentological data of the
first author, on the northwest coast of the Magellan Strait (between Cabo Froward and Punta
Sampaio), allowed to recognise a medium-grained sandy succession, clearly distinguishable
from the fine turbidites and slaty shales of the Erezcano Formation, which is interpreted to
as amalgamated channels in a deep-sea turbiditic fan lobes complex. Castelli et al. (1993)
mapped this succession of medium-grained turbidites as Canal Bertrand Formation and
Cecioni (1960) as the Punta Barrosa and Cerro Toro formations. A succession with similar
sedimentological characteristics in the Otway Sound was dated by McAtamney et al. (2011)
at 104.1 + 1.6 Ma (Table 1; Fig. 6), interpreted as the Latorre Formation (representative of
the oldest foreland deposits), which in fact, corresponds to the Canal Bertrand Formation.
Detrital zircon U-Pb age data (Mpodozis et al., 2006; McAtamney et al., 2011) indicate the
Canal Bertrand was primarily fed by Metamorphic Basement Complexes (~220-300 Ma and
older ages) sources; the Tobifera Formation, and contemporary plutons of the Southern
Patagonian Batholith (~156-159 Ma; Pankhurst et al., 2000; Hervé et al., 2007); and
predominantly by K1-K3 plutons-sourced detritus (~140-107 Ma; Hervé et al., 2007) of the
Southern Patagonian Batholith. These source terranes are very similar to those interpreted
from the analysis of the U-Pb age signature for the Punta Barrosa and Cerro Toro formations

in Ultima Esperanza Province (Fildani et al., 2003; Romans et al., 2010). These new
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constraints allow us to hypothesize that the age of inception of the foreland basin in the SKB
area may be as old as 104 Ma (represented by the Canal Bertrand Formation), which has
important implications regarding the current conception of southward diachronism of the
transition from backarc extension to orogenic shortening (McAtamney et al., 2011;
Malkowski et al., 2017).

The maximum age for the top of the foreland basin fill is not rigorously defined in
any study area and is estimated at ~15.6 Ma based on inferences of accumulation rates for
the Santa Cruz Formation (c.f. Cuitifio et al., 2016). Following, we present
chronostratigraphic constraints for different time intervals in the basin, where the
implications in correlations, disconformities recognition, and stratigraphic nomenclature

will be discussed.

I1-1.6.1a Turonian to early Campanian

The chronostratigraphy for this time interval is exhaustively analysed in the Ultima
Esperanza Province of Chile (SB, CTN areas; Fig. 2) and adequately synthesized in Daniels
et al. (2019). However, the LVA area in the Santa Cruz Province (Argentina) and the SKB
area in the Magallanes Province (Chile) have the poorest depositional timing constraints. In
the LVA area, previous works by Malkowski et al. (2017), Sickmann et al. (2018), and
Ghiglione et al. (2021) allow assigning an age to the base of the La Anita Formation at 86.0
+ 1.0 Ma (Fig. 6) and for the contact between the La Anita and Cerro Fortaleza formations
at around 80 Ma (Fig. 6). These units that represent wave- to fluvial-dominated deltaic
deposits (La Anita Formation; Macellari et al., 1989; Moyano Paz et al., 2018, 2020) and
meandering to braided river systems (Cerro Fortaleza Formation; Macellari et al., 1989;
Tettamanti et al., 2018), are age-equivalent to the deep-water turbidite facies and slope
deposits of the Cerro Toro and Tres Pasos formations in the Ultima Esperanza Province of
Chile (SB and CTN areas; Romans et al., 2011; Daniels et al., 2019).

In the SKB area, the base of the Latorre Formation is defined at 93.3 £ 2.9 Ma (Table
1; Fig. 6; McAtamney et al., 2011), and its upper limit is estimated at 80 Ma, considering
the age of 79.2 £ 0.9 Ma for the base of the overlying Barcarcel Formation (Table 1; Fig. 6;
same Escarpada Formation in McAtamney et al., 2011). The Latorre Formation is a new
lithostratigraphic unit proposed by Mpodozis et al. (2006) on the north shore of the Skyring
Sound (Fig. 2) and redefined in Mpodozis et al. (2011) and McAtamney et al. (2011), which
designates a 300 to 1100 m-thick, deep water turbiditic succession. We consider that the
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adhesion of the Latorre Formation as a new lithostratigraphic unit is well justified since this
turbiditic succession was previously correlated with the clearly older Punta Barrosa
Formation (e.g., Cecioni, 1957, 1960) of the Ultima Esperanza Province of Chile (Fig. 6;
Daniels et al., 2019). Similarly, Mpodozis et al. (2006) proposed the Escarpada Formation,
on the north shore of the Skyring Sound and redefined in Mpodozis et al. (2011) and
McAtamney et al. (2011), to designate the 800-m-thick succession of cobble-conglomerates
and very coarse-grained sandstones interpreted as the filling of submarine canyons and
channels that overlies to the new Latorre Formation. We consider that the Escarpada
Formation should not be adopted and instead abandoned since said rock succession is isopic
facies of the conglomerates of the Rosa Formation (Hollister, 1943-44; Thomas, 1949); also,
they are chronostratigraphically correlatives. In turn, in this work, we propose the
hierarchical change of the Rosa Formation (Hollister, 1943-44; Thomas, 1949) to the Rosa
Member ascribed to the Barcarcel Formation (Hollister, 1943-44; von Goetsche, 1953;
Castelli et al., 1993), given that both units are age-equivalents (78-79 Ma; Mpodozis et al.,
2006) and because according to sedimentological observations of the first author, both units

represent the same deep-water submarine fan system.

11-1.6.1b Middle Campanian to Paleocene

In the LVA area, Campanian-Maastrichtian deposits are represented by the La Irene
Formation (Macellari et al., 1989) and the Chorrillo Formation (Feruglio, 1938), which are
separated from the underlying La Anita Formation by a ‘type II unconformity’ (sensu
Macellari et al., 1989) that likely represent autogenic processes within the depositional
system. Macellari et al. (1989) raised the rank of the previously La Irene Member of the La
Anita Formation (Arbe and Hechem, 1984). However, the stratigraphic analysis done here
encourages the unification of the La Irene Formation with the laterally equivalent Chorrillo
Formation, both units representing a braided to meandering fluvial system (Macellari et al.,
1989; Tettamanti et al., 2018) lithologically inseparable in outcrops (e.g., Tettamanti et al.,
2018). The Chorrillo Formation could include the La Irene Member, representing the
proximal fluvial component that feeds the Dorotea Formation’s deltaic system in Ultima
Esperanza Province (Fig. 2). No depositional ages are available for accurate temporal
characterization of the Chorrillo Formation in this sector. The Calafate Formation (Macellari
etal., 1989) represents the youngest Cretaceous deposits for this area. Macellari et al. (1989)
interpreted a minor angular unconformity at the base of the Calafate Formation of unknown
duration; however, its base is defined at 69 + 2 Ma, according to Ghiglione et al. (2021),

which agrees with biostratigraphic ages (Marenssi et al., 2004). The age of the top of the
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Calafate Formation is a matter of debate since Malumian and Caramés (1997) suggested that
the Paleocene is missing or poorly developed in this area based on a palaeontological
examination. However, Marenssi et al. (2004) found dinocyst assemblages that extend into
the Paleogene. We suggest a latest to earliest Danian age (64-65 Ma) for the top of the
Calafate Formation, considering the trend in which the depositional ages of units placed just

below the Eocene unconformity tend to be older northward (Fig. 6).

In the SB and CTN areas (Fig. 2), the latest Campanian to Selandian is represented
by the Dorotea Formation (Fig. 6), whose ages of the base have been well synthesised by
Daniels et al. (2019), and its top ages by George et al. (2020) and Rivera et al. (2020). In the
Argentinian domain of the CTN area (around Rio Turbio-Cancha Carrera towns; Fig. 2), the
Dorotea Formation is known as to the Cerro Cazador, Monte Chico, and Cerro Dorotea
formations (Feruglio, 1938; Malumian et al., 2000). This finely formational subdivision
based on paleontological criteria (which characterise much of the Argentinian
lithostratigraphy) has complicated the regional integration of the evolutionary knowledge of
the basin due to discrepancies in description, thickness, and assignation of boundaries (e.g.,
Feruglio, 1938; Brandmayr, 1945; Hinicken, 1955; Malumian et al., 2000, pg. 15). A
distinction of the three mentioned units is virtually impossible on outcrops based exclusively
on lithological differences (essential criteria to define lithostratigraphic units; see Hedberg,
1976; Salvador and Murphy, 1999). This difficulty was recognised a long time ago (see
Cecioni comments in Hoffstetter et al., 1957; Katz, 1963), motivating the rejection of such
a lithostratigraphic subdivision and adopting the name of the Dorotea Formation to include
the Cerro Cazador, Cerro Dorotea and ultimately Monte Chico (Malumian et al., 2000).
Since the use of the Cerro Dorotea Formation is being used in contemporary publications
(e.g., Leonard et al., 2020; Fosdick et al., 2020; Horton, 2021) to refer to strata that have
been proven to be a Paleocene age and, at the same time, the use of the Dorotea Formation
for the Campanian to Maastrichtian strata, we advise against this practice. Instead, we
recommend referring to a unique Dorotea Formation (with a broader time frame,

Campanian-Selandian; Fig. 6) that aligns with the best stratigraphic practices.

In the SKB area (Fig. 2), the Fuentes, Rocallosa and Chorrillo Chico Formation are
the unit's representative of the Maastrichtian-Paleocene (Fig. 6). No detrital zircon or
paleontological ages are available for an accurate temporal constraint of the Fuentes
Formation (facies-equivalent of the Tres Pasos Formation; Rivera et al., 2020). Rivera et al.
(2020) reported an MDA of 73.5 = 1.3 Ma for the base of the Rocallosa Formation in its type
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locality and have suggested a minor hiatus in the top. We do not have any age constraint for
the top of the Rocallosa Formation, but based on micropalaeontological content (Charrier
and Lahsen, 1969; Castelli et al., 1992; Rivera et al., 2020) we suggest a late Maastrichtian
age (~67-66 Ma). For the Chorrillo Chico Formation, the oldest age has been reported by
Rivera et al. (2020), with an MDA of 65.2 £ 0.5 Ma for the basal part of the formation. The
occurrence of Spiroplectamina beccariiformis and S. spectabilis allows extending the age of
the Chorrillo Chico Formation up to the Paleocene/Eocene (Malumian et al., 2013).
However, the lack of the Apectodinum dynoquist, typical of Paleocene/Eocene limit, and the
presence of Palaeoperidinium pyrophorum suggest that the uppermost Paleocene is missing
and that the Chorrillo Chico Formation cannot be younger than late Selandian (Quattrocchio,
2009). Detrital zircons can support the latter as the grains are not younger than mid-
Thanetian (Hervé et al., 2004; Mpodozis et al., 2006; Rivera et al., 2020). We propose a mid-
Thanetian (~57 Ma) for the top of the Chorrillo Chico Formation, which agrees with the age
of unconformity identified by Biddle et al. (1986) at the top of this unit.

11-1.6.1c Eocene

Most of Eocene is missing in the LVA and SB areas (Fig. 6), being the Man Aike
Formation the only unit present. The time involved in the hiatus varies between ~20-18 Myr
(Figs. 6 and 7a). In the LVA area, Malumian (1990) constrained its age to P11-P14 zone
(39-46 Ma) based on microfossils, later Casadio et al. (2009) reported five 8’Sr/%Sr reliable
ages that span from 38.42-45.3 Ma; recently, Sickmann et al. (2018) have reported an MDA
of 43.3 = 2 Ma. Considering the palaeontological constraints, we suggest an age from 45.3
to 39 Ma for the unit in the LVA area (Fig. 6). The latter age is similar in the nearby SB area,
where George et al. (2020) reported an MDA of 45.7+0.6 Ma for the base of the unit, and
we recalculated an MDA of 38.74 + 0.66 Ma (Zr-PTO-77; Gutiérrez et al., 2017) for the top

of the Man Aike Formation.
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Figure 5. (following page =) Interpreted tectono-stratigraphic sequences in the Magallanes-Austral basin.
Note enlarged interpretation in the lower scheme at the 3™-order scale of observation. Uninterpreted seismic

lines to the end of this chapter.
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In the CTN area ((Fig. 2), the Rio Turbio Formation represents the resumed Eocene
sedimentation after ~13 Myr of hiatus (Fig. 7b). Between Cerro Castillo town (Chile) and
Cancha Carreras town (Argentina) (Fig. 2), Fosdick et al. (2020) have reported MDA’s as
old as 47.1 + 2.7 Ma and as young as 41.3 + 0.3 Ma for the called lower member of the Rio
Turbio Formation. These ages coincide with our MDA’s in the same locality (Table 1; Figs.
3, 4 and 6). For the base of the upper member, we recalculated an MDA of 38.5 £+ 1.2 Ma
(09-230, Table 1; Fosdick et al., 2015) placed in Argentina, which agree with our MDA of
37.4 £ 0.73 Ma, in Chilean territory (Table 1; Fig. 6); the top of the upper member yield an
MDA of 35.4 + 0.2 Ma (Rupelian; Fosdick et al., 2020) which agrees with E11-O1 biochron
(up to 33.5 Ma) indicated by Malumian et al. (2013) and Gonzalez Estebanet et al. (2015)
that demarcates its top limits. However, Fosdick et al. (2020) have reported MDA’s as young
as 26.6 Ma for the upper member of the Rio Turbio Formation, which seems to conflict with
the chronostratigraphic and geological context of the unit. In synthesis, the maximum
depositional age for the lower member is bracketed from ~47.1 - 41.3 Ma; for the upper
member, from ~38.5 - 33.5 Ma, suggesting the presence of a hiatus of ~2.5 Myr. This
discordance is not evident on outcrops; however, two lithostratigraphic units can be readily
differentiable. In this sense, subdividing the Rio Turbio Formation into two independent
formations is recommended (Hedberg, 1976; Salvador and Murphy, 1999). The lower
member of the unit may be designated as the age- and sedimentary facies-equivalent Man

Aike Formation; whereas, the upper member remains as the Rio Turbio Formation.

In the SKB area (Fig. 2), the sedimentation was less interrupted, and only ~2.5 Myr
is involved in the Paleocene-Eocene unconformity. The Agua Fresca Formation represents
the oldest Eocene deposits, we do not have any radiometric ages for this unit, but the well-
studied micropalaeontological content allows us to constrain its age. The assemblage of
Acarinina esnaensis, and A. interposita from the lower to medium part of the unit (Malumian
et al., 2013) suggests an age of 51-56 Ma (E5-E6 zone; Berggren et al., 2006). The presence
of Elphidium aguafrescaense and E. skyringense allows a correlation with the Punta Torcida
Formation of Tierra del Fuego, whose age has been established between 49-52.2 Ma, and
with the upper part of the Punta Noguera Formation, whose age is older than 53.9 Ma
(Malumian et al., 2013, 2014). Therefore, we constraint the Agua Fresca Formation's age
from ~49-53.9 Ma.

The Tres Brazos Formation yield an MDA of 48.6 £ 1.6 Ma for its basal part (Table

1; Fig. 6). However, we do not have any radiometric age restriction for the top rather than
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the correlation (based upon the benthic foraminifers) with the Leticia Formation in Tierra
del Fuego, which has Globigerinatheka index with a first occurrence date not older than 43.7
Ma (Malumian et al., 2013). For the lower-to-middle part of the overlying Lefia Dura
Formation has been reported A. bullbrooki which suggest that at least the lower part of the
unit could be older than 41.8 Ma (Malumiéan et al., 2013). Hence, we extend the basal

depositional age tentatively up to 43.0 Ma and up to 41 Ma for the top.

The youngest Eocene unit is the Loreto Formation with a depositional age of 38 +
1.2 Ma was for the near base, whereas the top is estimated at 34.1 £ 1.0 Ma (at Riesco Island).
We suggest a latest Bartonian (~39 Ma) to Rupelian/Priabonien age (33 Ma) for the entire
Loreto Formation consistent with paleontological ages (Otero et al., 2012). A likely ~2 Myr
hiatus (non-identifiable on outcrops) may be present between this unit and the Lefia Dura

Formation.

11-1.6.1d Oligocene to Miocene

Spite of the Oligocene-Miocene sedimentation has been much more uniform in all
the studied areas of the basin (Fig. 6), another basin-wide significant hiatus, the Eocene-
Oligocene unconformity, is unveiled. The time involved in the unconformity varies upon the
studied area (Fig. 6).

In the LVA area (Fig. 2), the Eocene-Oligocene unconformity span ~12-11 Myr and
separates the Rio Leona Formation from the underlying middle Eocene Man Aike
Formation. The depositional age for the base of the Rio Leona Formation is 26.2 + 1.5 Ma
(Sickmann et al., 2018). The age for the top of the Rio Leona Formation can be constrained
through palynomorph assemblages (Barreda et al., 2009) which suggest that the unit is older
than the late Chattian (~23.3 Ma). In this way, the Rio Leona Formation is bracketed between
26.2 — 23.3 Ma. The base of the overlying Estancia 25 de Mayo Formation was dated by
using &Sr/®Sr, yielding an age from 21.24-21.34 Ma (Parras et al., 2008). The latter
radiometric age agrees with 8’Sr/%Sr ages of 20.05 Ma of Cuitifio et al. (2012) and with an
ash U-Pb age of 19.1 = 0.5 Ma. Further, Cuitifio et al. (2012) also have dated the uppermost
oyster level of the unit yielding an 8’Sr/%Sr age of 19.15 Ma. Therefore, the Estancia 25 de
Mayo Formation span from 21.3 to 19.15 Ma, implying a minor hiatus of ~2 Myr separating
it from the Rio Leona Formation. For the overlying Santa Cruz Formation, Cuitifio et al.
(2012) have dated by U-Pb the tuff (UPL) on the base of the unit yielding an age of 18.9 £
0.3 Ma and have estimated a depositional age of 15.63 Ma for the top of the unit (Cuitifio et
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al., 2016). Similarly, Sickmann et al. (2018) report an MDA of 17.7 £ 0.7 Ma (recalculated
SM9 sample; Table 1; Fig. 6), which agree with the chronostratigraphic context for the Santa

Cruz Formation.
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In the SB area (Fig. 2), the Eocene-Oligocene unconformity span ~5-4 Myr (Fig. 6)
and the oldest depositional calculated for the base of the Rio Leona Formation is 32.3 £ 0.86
Ma (recalculated Zr-PTO-81 sample of Gutiérrez et al., 2017; Table 1; Fig. 6). This older
age for the onset of the Rio Leona Formation sedimentation may be due to the filling of a
paleo-valley (paleorelief) product of the erosion and exhumation that accompanied almost
the entire basin for this time. Age constraints for the top and base of the Rio Leona and
Estancia 25 de Mayo formations, respectively, have been extended from the neighbouring
LVA area. The only age constraint for the Estancia 25 de Mayo is an ash U-Pb age of 19.7
Ma (Fosdick et al., 2011; Fig. 6) which could correspond to the same LPL level of Cuitifio
et al. (2012). For the basal age of the Santa Cruz Formation, we have extended the age
constraint from the LVVA area, which coincide with our recalculated MDA of 17.8 £ 0.48 Ma
(from the 09-207 sample of Fosdick et al., 2015) for the middle to lower part of the
formation. Depositional age near the top of the Santa Cruz Formation is indicated at 16.8 +
0.2 Ma (Gutiérrez et al., 2017), which mirrors the 15.63 Ma calculated by Cuitifio et al.
(2016).

In the CTN area (Fig. 2), the Eocene-Oligocene unconformity is represented by a
~7-8 Myr hiatus (Fig. 6). Overlying the unconformity is the Rio Guillermo Formation, whose
depositional age for the base is estimated in this work as 26.6 £ 0.5 Ma (Fig. 6). The latter
MDA was interpreted by Fosdick et al. (2020) as representing the age for the top of the Rio
Turbio Formation. However, such a young age for the Rio Turbio Formation seems
inconsistent in light of this new chronostratigraphic framework and based on the
foraminifera and dinoflagellates with the most accurate biochrons (Malumian et al., 2000
and references therein; Malumian et al., 2013; Gonzalez Estebanet et al., 2015). On the other
hand, the youngest age for the Rio Guillermo Formation is 21.7 + 0.3 Ma (Fosdick et al.,
2011; Fig. 6) on a volcanic ash layer. As far as the stratigraphic nomenclature is concerned,
we recommend that the Rio Guillermo Formation be included as a member in the Rio Leona
Formation (recognised and mapped in the CTN area (Fig. 2); Malumian et al., 2000),
outcropping between Cancha Carrera and Rio Turbio towns. Both units overlap in age, have
similar lithological nature and paleoenvironmental significance. There are no age constraints
for the Estancia 25 de Mayo Formation in the CTN area, and their limits were extended from
the LV area. Fosdick et al. (2011) reported an ash U-Pb age of 18.1 + 0.4 Ma (Fig. 6) for
the Santa Cruz Formation in the CTN area. This age belongs to a tuff layer supposed placed
at the top of the unit (Fig. 5 of Fosdick et al., 2015). However, this age at the top leads to
two conundrums: 1) contamination of the tuff layer with older detrital zircons and/or a
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problem with the analysis by itself reflecting an analytical artefact; 2) a misunderstanding of
the true stratigraphic position of the sample. We favour the latter alternative as an age of
18.1 at the base of the Santa Cruz Formation is consistent with the chronostratigraphic
framework proposed for this unit in all the studied sectors (Fig. 6) of the basin and because
tuff layers are more frequent in the basal part of the Santa Cruz Formation (e.g., Malumién
et al., 2000; Cuitifio et al., 2016; Guitérrez et al., 2017). We think that the age for the top of
the unit in the CTN area is equivalent to that reported by Gutiérrez et al. (2017) in the SB
area (Fig. 6).

In the SKB area (Fig. 2), the Eocene-Oligocene unconformity is represented by a ~4
Myr hiatus. The El Salto Formation overlies the unconformity (Fig. 7d). The oldest MDA
for the basal Las Coles member in its type locality is 29.8 + 1.2 Ma, whereas the youngest
is 25.51 =+ 0.5 Ma (Table 1; Figs. 4 and 6). The upper part of the El Salto Formation was
dated in the same area by Hervé et al. (2004), yielding an age of 21.8 + 1.5 Ma, which we
think represent the base of the Rio Verde member. The latter suggests a possible hiatus
between the two members, which would imply that a stratigraphic redefinition is required.
We have calculated an MDA of 19.6 + 0.4 Ma (Table 1; Figs. 4 and 6) for the uppermost
exposure of the El Salto Formation, representing the top of the San Antonio member.
Therefore, the age for the upper part of the El Salto Formation ranges from 21.8 to 19.6 Ma.
Interestingly, we can extend a chronostratigraphic correlation between the upper part of the
El Salto Formation and the Estancia 25 de Mayo Formation, which represent the deposits of
the Patagonian transgression. However, such a marine incursion does not reach this part of
the basin, and the only compelling evidence of this event is related to the increased
accommodation space in the fluvial system of the upper reaches of the El Salto Formation
(Rivera, 2017). The basal San José member of the overlying Palomares Formation yields an
MDA of 18.85 + 1.1 Ma (Table 1; Figs. 4 and 6), fully consistent with the basal ages for the
equivalent Santa Cruz Formation (Fig. 6). In the Cordillera Chilena sector (Fig. 7d), this
member changes laterally (westward) to the Conglomerado Vidal member, which is
primarily a basaltic breccia (Rivera, 2017) and yields an MDA of 17.9 = 0.2 Ma (Table 1;
Figs. 4 and 6). Recently, Velazquez (2016) have dated by Ar-Ar two of the basaltic blocks
of the Conglomerado Vidal member, and those yield an age from 19.3-19.8 Ma, which
agrees with our results in that the sedimentation of the Palomares Formation is younger than
19 Ma. We have adopted the age for the equivalent Santa Cruz Formation reported by
Gutiérrez et al. (2017) in the SB area for the top of the unit.
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11-1.6.2 Monitoring tempo and style of arc magmatism

The sedimentary record through detrital zircon U-Pb analysis provides essential
complementary information (to bedrock dating) about the timing and duration of arc
magmatism (Herve et al., 2004; Peterson and Ducea, 2015; Capaldi et al., 2020, 2021).

The direct comparison of the exposed bedrock U-Pb dating with the detrital zircon
U-Pb ages (Fig. 7a) shows that the detrital record mimics the main pulses of magmatism
already identified employing the direct plutons dating (Hervé et al., 2007), i.e., Late Jurassic
(157-145 Ma), Cretaceous 1 to 3 (144-137 Ma; 136-127 Ma; 126-75 Ma), Paleogene (67-40
Ma), and Miocene (25-15 Ma). However, are also apparent two non-widely known phases
of magmatism in the batholith. The first is between 75-65 Ma, and the second is between 45-
35 Ma (Fig. 7a). Different authors had previously recognised both phases of magmatism in
different parts of the basin (Hervé et al., 2004; Gutiérrez et al., 2017; Rivera, 2017; Fosdick
etal., 2020), which allows us to affirm that these plutons must have been exposed throughout
the entire extension of the batholith. The recognition of these ‘new’ magmatism phases in
the batholith are relevant for a correct interpretation of the sedimentary provenance of the
foreland deposits. Malkowski et al. (2016) had also recognised a mismatch at 99 Ma between
batholith ages with arc-derived detrital ages populations, for which they propose some
explanations to this discrepancy: (1) insufficient age constraint of the batholith due to
sampling bias; (2) exhumation and preferential erosion of plutons of this age range. We
favoured the first explanation owed to the undeniable difficulty of accessing the batholith

outcrops in the Patagonian fjords.

Figure 7b shows the composite bedrock U-Pb ages with detrital zircon U-Pb ages,
where an episodic behaviour of the continental magmatic arc is apparent (Hervé et al., 2007)
but concentrating the climax of magmatism between 120-70 Ma (Bruce et al., 1991,
Malkowski et al., 2016). Four first-order ‘flare-ups’ are presented during the Late Jurassic
to Early Cretaceous (160-140 Ma), mid to Late Cretaceous (120-70 Ma), late Eocene (45-35
Ma), late Oligocene to early Miocene (25-15 Ma). The mean Th/U ratios (Fig. 7c) from
bedrock and detrital zircons for each flare-up event remain almost constant, ranging between
0.5-0.63, suggesting low geochemical variability of the magmas during contractional
orogenesis (Kemp et al., 2009; Rubatto, 2017; McKay et al., 2018). However, the middle to
Late Cretaceous and Oligocene to early Miocene flare-ups exhibit a tendance to increase
Th/U values (up to 1.6; Fig. 7c) by the final of each magmatic pulse, which could suggest

that they were produced in hotter (700->1000°C), more primitive magmas with increased
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fractionation (Kirkland et al., 2015; McKay et al., 2018). These pulses of magmatism are
separated by three first-order ‘magmatic lulls’ between 25-33 Ma, 45-65 Ma and 120-140
Ma (Fig. 7b), some of which had been previously recognised (e.g., Rivera, 2017; George et
al., 2020). Interestingly, these arc tempos are shorter during the Cenozoic (8-10 Myr) and
longer during Cretaceous to Jurassic (20-50 Myr).

The spatial trend in magmatism can be extracted by the age-latitude plotting (Fig.
7d), which allow interpreting relative arc retreat or advance. Interestingly, during periods of
magmatic lulls, there is always an arc rearrangement, displacing the relative position of the
arc front (Fig. 7d). During the mid to Late Cretaceous (120-70 Ma) flare-up, there is a
relative cratonward arc migration followed by an extended arc shut-off period (Fig. 7d). This
behaviour has been emphasised by Gianni et al. (2018a) to support their Maastrichtian to
Eocene Nale flat slab event (48°-35°S). Likewise, during the late Oligocene to early Miocene
(25-15 Ma) flare-up, the arc is broadened, which could be expected due to the subduction
erosion and slab flattening episode related to the Chile Ridge collision (e.g., Ramirez de
Arellano et al., 2012; Salze et al., 2018). A causal relationship between the collision of the
Farallon-Aluk ridge (57-40 Ma) and the Eocene magmatic lull (45-65 Ma) can be envisaged
(Ramos, 2005; Aragon et al., 2013; Gianni et al., 2018a, b). The Farallon-Aluk collision may
have influenced the isotopic composition of the few coeval plutons (Hervé et al., 2007),
leading to a more primitive mantle signature of the magmas (Aragon et al., 2013; Fig. 7d).
On the other hand, the magmatic lull between 25-33 Ma could be linked to a plate tectonic
reorganisation process during the Farallon breakup (28-23 Ma; Herron and Heirtzler, 1967,
Pardo-Casas and Molnar, 1987).
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Figure 7. (a) Composite bedrock U-Pb dating (from Hervé et al., 2007; Michael et al., 2008; Leuthold et al.,
2012; Muntener et al., 2018; Ramirez de Arellano et al., 2012, 2021) vs detrital zircon U-Pb (references as
indicated in Fig. 6). (b) Integrated zircon U-Pb ages highlighting arc flare-ups and magmatic lulls. (c)

Compositional variation of arc magmatism based on Th/U ratio (Th/U >1.0, primitive mafic melts; Th/U <0.5,

limited geochemical variability); (d) Time-space continental arc migration and variations in isotopic eNdt

composition (after Hervé et al., 2007). Arc width constraints after Capaldi et al. (2021).

11-1.6.3 Development of major unconformities

Recognition of unconformities is a vital process in Andean foreland basin analysis,

as they allow to extract of the entire evolutionary history of the basin and Andean orogenesis

(Horton, 2018a). However, as unconformities occur ubiquitously at different scales (Miall,

2016; Catuneanu, 2019a), only their analysis in a comparable hierarchical order will
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facilitate the correct interpretation of the sedimentary and tectonic processes that they
represent without combining allogenic and autogenic processes in the same evolutive
scenery. Different origins of unconformities have been highlighted in multiple works
(Weimer, 1984; Shanmugam, 1988; Heller et al., 1988; Crampton and Allen, 1995;
DecCelles, 2012; Miall, 2016; Horton, 2021), which comprise (a) shortening and uplift of the
fold-and-thrust belt; (b) cratonward advance of a tectonic-induced flexural wave; (c)
basinwide isostatic rebound by episodic tectonic quiescence, slab window development or
change in convergence angle; (d) eustatic sea-level drops; (e) basinwide and/or intraforeland
basement blocks uplift during slab shallowing. Next, we expose only some of the most
significant discordances/unconformities in the basin (in different hierarchical scales) without
necessarily addressing an exhaustive analysis of their genesis (since it escapes the objective
and data sources of this work) but rather to highlight their temporal and spatial distribution
in the Magallanes-Austral Basin.

The basal foreland basin unconformity (BFU) has not been recognised at the surface.
However, at the subsurface is characterized by an assembly of different time-transgressive
unconformities that, in the most proximal part, are manifested by a series of bright reflectors
that may correspond to condensed sedimentation surfaces, separating orogenic-derived
deposits from the backarc extensional strata. Over time, this discordance is manifested by
onlap terminations of each sequence (KS1-PS2; ~100-40 Ma) that pinch out towards the
craton, suggesting a continuous uplift and erosion of the forebulge (Catuneanu, 2019b;
Horton, 2018). From the middle to late Eocene, the forebulge is buried, and a thin succession
accumulates across. This unconformity represents the cratonward passage of the forebulge

in response to the orogenic wedge loading.

For the Cenozoic, two major unconformities are well recognised that can be followed
throughout the basin. The Paleocene-Eocene unconformity with the longest ~20 Myr hiatus
in the northern part of the basin (LVA area) and the shortest ~2.5 Myr in the southern part
(SKB area) (Fig. 6). In the LVA area (Fig. 2), the unconformity becomes erosive (Marenssi
et al., 2002), truncating older Maastrichtian-Paleocene shallow marine green glauconitic
sandstones and conglomerates (Calafate Formation; Macellari et al., 1989; Marenssi et al.,
2004; Odino Barreto et al., 2018). Over the erosive surface, onlaps middle Eocene green
conglomerates and sandstones with abundant marine invertebrates representing shallow
marine to tidal-embayment deposits filling incised valleys (Man Aike Formation; Macellari
etal., 1989; Marenssi et al., 2003; Camacho et al., 2000; Casadio et al., 2009; Pearson et al.,

84



Second Part >> Chapter 11-1: Stratigraphic and Tectonostratigraphic frameworks

2013). In the SB and CTN areas (Fig. 2), the unconformity (~13-18 Myr duration; Fig. 6) is
manifested by a modest erosive surface (Fig. 8a, b), separating the middle Eocene wave- to
tide-dominated estuaries and coastal plains of Man Aike Formation (and ex lower Rio Turbio
Fm; Santos-Garcia, 1988; Malumian and Caramés, 1997; Malumian et al., 2000; Le Roux et
al., 2010; Gutiérrez et al., 2017) from the Campanian-Selandian shallow marine to deltaic
Dorotea Formation (Schwartz and Graham, 2015; Gutiérrez et al., 2017; Manriquez et al.,
2019; Rivera et al., 2020). In the southern SKB area, the unconformity span ~2.5 Myr (Fig.
6) and becomes correlative conformity or paraconformity, preventing recogni