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Allgemeine Zusammenfassung

Mit einer Länge von über 7.000 km und Höhen von z.T. >6.000m sind die Anden Südamerikas die be-
deutendste topografische Barriere für atmosphärische Strömungen in der südlichen Hemisphäre. Inte-
graler Bestandteil der Anden ist das Altiplano-Puna Plateau, das mit einer durchschnittlichen Höhe von
etwa 4.000m, nach Tibet, das zweitgrößte Gebirgsplateau der Erde ist. Diese kontinuierlichen Höhen-
züge und der meridionale Verlauf der Anden sind für eine ausgeprägte Asymmetrie in der Verteilung
der Niederschläge und die daraus resultierenden Erosions- und Ablagerungsprozesse im Gebirge sowie
in den angrenzenden Vorländern verantwortlich. Bisher war allerdings nur ansatzweise bekannt, wann
es zur Etablierung dieses Prozessgefüges kam. Daher setzt diese Studie an genau dieser Wissenslücke an
und versucht auf verschiedenen Raum- und Zeitskalen zu entschlüsseln, welche Gebirgsbildungsprozes-
se tiefgreifende Auswirkungen auf Klima, Erosion und Sedimentation in den zentralen Anden gehabt
haben. Als Untersuchungsgebiet wurde unter anderem das intermontane Humahuaca-Becken in NW-
Argentinien ausgewählt, ein natürliches „Labor“, welches die Beziehungen zwischen tektonischenDefor-
mationsprozessen, der Herkunft und Transportrichtung von Sedimenten und der Evolution der paläo-
ökologischen Bedingungen besonders gut wiederspiegelt. Da dieGebirgsbildung der Anden in dieser Re-
gion relativ jung ist und radiometrisch datierbare vulkanischeAschen in den Sedimenten der intermonta-
nen Becken aufgeschlossen sind, ist hier die Grundlage gegeben, die Erosions-, Sedimentations- und De-
formationsgeschichte zu rekonstruieren. Des Weiteren kann damit das laterale und vertikale Wachstum
desGebirges undder direkte Impakt tektonischer und klimatischer Prozesse aufUmweltbedingungenbe-
sonders gut dokumentiert werden. Es zeigt sich, dass spätmiozäne (>6Ma)Hebungsprozesse amOstrand
des Puna-Plateaus die anfängliche Ablagerung ostwärts transportierter Sedimente ermöglichten, welche
imZuge weitererHebung nach Süden abgelenkt wurden und schließlich zur Bildung eines intermontan-
ten Beckens führten. Um die Beziehung zwischen tektonisch kontrollierter Topografie und Änderungen
im Niederschlagsgeschehen näher zu untersuchen, wurde zusätzlich die Wasserstoffisotopie hydratisier-
ter Vulkangläser aus Aschen der Becken-Sedimentabfolgen untersucht. Da heutige Isotopenverhältnisse
meteorischer Wässer meist eine klare Höhenabhängigkeit aufweisen und sich diese Beziehungen auch in
der Isotopie der hydratisierten Aschen erfassen lassen, kann die Auswertung dieser Daten einen wichti-
gen Einblick in topografische Veränderungen vermitteln. Die in diesem Kontext ausgeführten Isotopen-
und Geländeuntersuchungen zeigen, dass Hebungsprozesse innerhalb der letzten 6 Millionen Jahre für
die heutige Lage der intermontanen Becken verantwortlich sind und die Desertifikation der internenGe-
birgsbereiche und dieAusbildung niederschlagsreicherRegionen amOstrand desGebirges erst nach dem
Erreichen einer bestimmten Höhe der vorgelagerten Gebirgszüge erfolgte. Die heutige Verteilung und
Menge der Niederschläge sowie steile Ost-West-Prozessgradienten in den Erosionsraten resultieren somit
aus generell nach Osten jünger werdenden Deformationsprozessen, die sukzessive vormals humide Re-
gionen an denOsthängen des Puna-Plateaus durch tektonischeHebungsprozesse in aride, intermontane
Sedimentationsräume verwandelte, da sich feuchtebringende östlicheWinde zunehmend an den orogra-
fischen Barrieren abregneten.
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Abstract

Twoof themost controversial issues concerning the late Cenozoic evolution of theAndean orogen are the
timing of uplift of the intraorogenic Puna plateau and its eastern border, the EasternCordillera, and ensu-
ing changes in climatic and surface-process conditions in the intermontane basins of the NW-Argentine
Andes. The Eastern Cordillera separates the internally drained, arid Puna from semi-arid intermontane
basins and the humid sectors of the Andean broken foreland and the Subandean fold-and-thrust belt to
the east. With elevations between 4,000 and 6,000 m the eastern flanks of the Andes form an efficient
orographic barrier with westward-increasing elevation and asymmetric rainfall distribution and amount
with respect to easterly moisture-bearing winds. This is mirrored by pronounced gradients in the effi-
ciency of surface processes that erode and re-distribute sediment from the uplifting ranges. Although the
overall pattern of deformation and uplift in this sector of the southern central Andes shows an eastward
migration of deformation, a well-developed deformation front does not exist and uplift and associated
erosion and sedimentary processes are highly disparate in space and time. In addition, periodic deforma-
tion within intermontane basins, and continued diachronous foreland uplifts associated with the reacti-
vation of inherited basement structures furthermore make a rigorous assessment of the spatiotemporal
uplift patterns difficult.

This thesis focuses on the tectonic evolution of the Eastern Cordillera of NW Argentina, the depo-
sitional history of its intermontane sedimentary basins, and the regional topographic evolution of the
eastern flank of the Puna Plateau. The intermontane basins of the Eastern Cordillera and the adjacent
morphotectonic provinces of the Sierras Pampeanas and the Santa Bárbara System are akin to reverse-
fault bounded, filled, and partly coalesced sedimentary basins of the Puna Plateau. In contrast to the
Puna basins, however, which still form intact morphologic entities, repeated deformation, erosion, and
re-filling have impacted the basins in the Eastern Cordillera. This has resulted in a rich stratigraphy of
repeated basin fills, but many of these basins have retained vestiges of their early depositional history
that may reach back in time when these areas were still part of a contiguous and undeformed foreland
basin. Fortunately, these strata also contain abundant volcanic ashes that are not only important horizons
to decipher tectono-sedimentary events through U–Pb geochronology and geochemical correlation, but
they also represent terrestrial recorders of the hydrogen-isotope composition of ancient meteoric waters
that can be compared to the isotopic composition of modern meteoric water. The ash horizons are thus
unique recorders of past environmental conditions and lend themselves to tracking the development of
rainfall barriers and tectonically forced climate and environmental change through time.

U–Pb zircon geochronology and paleocurrent reconstructions of conglomerate sequences in the
HumahuacaBasin of theEasternCordillera at 23.5° S suggest that the basinwas an integral part of a largely
unrestricted depositional system until 4.2Ma, which subsequently became progressively decoupled from
the foreland by range uplifts to the east that forced easterly moisture-bearing winds to precipitate in in-
creasingly eastward locations. Multiple cycles of severed hydrological conditions and drainage re-capture
are identified together with these processes that were associated with basin filling and sediment evacu-
ation, respectively. Moreover, systematic relationships among faults, regional unconformities and de-
formed landforms reveal a general pattern of intra-basin deformation that appears to be linkedwith basin-
internal deformation during or subsequent to episodes of large-scale sediment removal. Some of these
observations are supported by variations in the hydrogen stable isotope composition of volcanic glass
from the Neogene to Quaternary sedimentary record, which can be related to spatiotemporal changes
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in topography and associated orographic effects. δDg values in the basin strata reveal two main trends
associated with surface uplift in the catchment area between 6.0 and 3.5Ma and the onset of semiarid
conditions in the basin following the attainment of threshold elevations for effective orographic barriers
to the east after 3.5Ma. The disruption of sediment supply from western sources after 4.2Ma and sub-
sequent hinterland aridification, moreover, emphasize the possibility that these processes were related to
lateral orogenic growth of the adjacent PunaPlateau. As a result of the hinterland aridification the regions
in the orogen interior have been characterized by an inefficient fluvial system, which in turn has helped
maintaining internal drainage conditions, sediment storage, and relief reduction within high-elevation
basins.

The diachronous nature of basin formation and impacts on the fluvial system in the adjacent broken
foreland is underscored by the results of detailed sediment provenance and paleocurrent analyses, as well
as U–Pb zircon geochronology in the Lerma and Metán basins at ca. 25° S. This is particularly demon-
strated by the isolated uplift of the Metán range at ~10Ma, which is more than 50 km away from the
presently active orogenic front along the eastern Puna margin and the Eastern Cordillera to the west. At
about 5Ma, Puna-sourced sediments disappear from the foreland record, documenting further range
uplifts in the Eastern Cordillera and hydrological isolation of the neighboring Angastaco Basin from the
foreland. Finally, during the late Pliocene and Quaternary, deformation has been accommodated across
the entire foreland and is still active. To elucidate the interactions between tectonically controlled changes
in elevation and their impact on atmospheric circulation processes in this region, this thesis provides ad-
ditional, temporally well-constrained hydrogen stable isotope results of volcanic glass samples from the
broken foreland, including the Angastaco Basin, and other intermontane basins farther south. The re-
sults suggest similar elevations of intermontane basins and the foreland sectors prior to ca. 7Ma. In case
of the Angastaco Basin the regionwas affected by km-scale surface uplift of the basin. A comparisonwith
coeval isotope data collected from sedimentary sequences in the Puna plateau explains rapid shifts in the
intermontane δDg record and supports the notion of recurring phases of enhanced deep convection dur-
ing the Pliocene, and thus climatic conditions during the middle to late Pliocene similar to the present
day.

Combined, field-based and isotope geochemical methods used in this study of theNW-Argentine An-
des have thus helped to gain insight into the systematics, rate changes, interactions, and temporal char-
acteristics among tectonically controlled deformation patterns, the build-up of topography impacting
atmospheric processes, the distribution of rainfall, and resulting surface processes in a tectonically active
mountain belt. Ultimately, this information is essential for a better understanding of the style and the
rates at which non-collisional mountain belts evolve, including the development orogenic plateaus and
their bordering flanks. The results presented in this study emphasize the importance of stable isotope
records for paleoaltimetric and paleoenvironmental studies in mountain belts and furnishes important
data for a rigorous interpretation of such records.



v

Zusammenfassung

Zwei häufig diskutierte Aspekte der spätkänozoischen Gebirgsbildung der Anden sind der Zeitpunkt so-
wie die Art undWeise der Heraushebung des Puna-Plateaus und seiner Randgebiete innerhalb der Ost-
kordillere und die damit verbundenen klimatischen Änderungen in NWArgentinien. Die Ostkordillere
trennt die Bereiche des endorheischen, ariden Plateaus von semiariden und extern entwässerten inter-
montanen Becken sowie dem humiden Andenvorland im Osten. Diese Unterschiede verdeutlichen die
Bedeutung der östlichen Flanken der Anden als orografische Barrieren gegenüber feuchten Luftmassen
aus dem Osten und spiegelt sich auch in ausgeprägten Relief- und Topografiegradienten, der Nieder-
schlagsverteilung, und der Effizienz vonOberflächenprozessen wider. Obwohl das übergeordnete Defor-
mationsmuster in diesem Teil der Anden eine ostwärts gerichtete Wanderung der Deformationsprozesse
im Gebirge indiziert, gibt es hier keine klar definierte Deformationsfront. Hebungsvorgänge und die da-
mit im Zusammenhang stehenden Sedimentprozesse setzen räumlich und zeitlich sehr unterschiedlich
ein. Zudem gestalten periodisch wiederkehrende Deformationsereignisse innerhalb intermontaner Be-
cken und diachrone Hebungsvorgänge, durch Reaktivierung älterer Sockelstrukturen im Vorland, eine
detaillierte Auswertung der räumlich-zeitlichen Hebungsmuster zusätzlich schwierig.

Die vorliegende Arbeit konzentriert sich hauptsächlich auf die tektonische Entwicklung der Ostkor-
dillere im Nordwesten Argentiniens, die Ablagerungsgeschichte ihrer intermontanen Sedimentbecken
und die topografische Entwicklung der Ostflanke des andinen Puna-Plateaus. Im Allgemeinen sind sich
die Sedimentbecken der Ostkordillere und der angrenzenden Provinzen, den Sierras Pampeanas und der
Santa BárbaraRegion, den durch Störungen begrenzten undmit Sedimenten verfülltenBecken der hoch-
andinen Plateauregion sehr ähnlich. Deutliche Unterschiede zur Puna bestehen aber dennoch, dennwie-
derholte Deformations-, Erosions- und Sedimentationsprozesse haben in den intermontanen Becken zu
einer vielfältigen Stratigrafie, Überlagerungsprozessen und einer durch tektonische Prozesse und klimati-
schenWandel charakterisierten Landschaft beigetragen. Je nach Erhaltungsgrad können in einigen Fällen
Spuren dieser sedimentären und tektonischen Entwicklung bis in die Zeit zurückreichen, als diese Be-
reiche des Gebirges noch Teil eines zusammenhängenden und unverformten Vorlandbeckens waren. Im
Nordwesten Argentiniens enthalten känozoische Sedimente zahlreiche datierbare und geochemisch kor-
relierbare Vulkanaschen, die nicht nur als wichtige Leithorizonte zur Entschlüsselung tektonischer und
sedimentärer Ereignisse dienen.Die vulkanischenGläser dieserAschen archivieren außerdemWasserstoff-
Isotopenverhältnisse früherer Oberflächenwasser, mit deren Hilfe – und im Vergleich mit den Isotopen-
verhältnissen rezenter meteorischer Wässer – die räumliche und zeitliche Entstehung orografischer Bar-
rieren und tektonisch erzwungene Klima- und Umweltveränderungen verfolgt werden können.

Uran-Blei-Datierungen an Zirkonen aus den vulkanischen Aschelagen und die Rekonstruktion sedi-
mentärer Paläotransportrichtungen im intermontanenHumahuaca-Becken in derOstkordillere (23.5° S)
deuten an, dass das heutige Becken bis vor etwa 4.2Ma Bestandteil eines größtenteils uneingeschränkten
Ablagerungsbereichs war, der sich bis ins Vorland erstreckt haben muss. Deformation und Hebung öst-
lich des heutigen Beckens sorgten dabei für eine fortschreitende Entkopplung des Entwässerungsnetzes
vomVorland und eine Umlenkung der Flussläufe nach Süden. In der Folge erzwang die weitere Hebung
der Gebirgsblöcke das Abregnen östlicher Luftmassen in immer östlicher gelegene Bereiche. Zudem kön-
nenperiodische Schwankungender hydrologischenVerbindungdesBeckensmit demVorland imZusam-
menhang mit der Ablagerung und Erosion mächtiger Beckenfüllungen identifiziert werden. Systemati-
sche Beziehungen zwischenVerwerfungen, regionalenDiskontinuitäten und verstelltenTerrassenflächen
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verweisen außerdemauf ein generellesMuster beckeninternerDeformation, vermutlich als Folgeumfang-
reicher Beckenerosion unddamit verbundenenÄnderungen im tektonischen Spannungsfeld derRegion.
Einige dieser Beobachtungen können anhand veränderterWasserstoff-Isotopenkonzentrationen vulkani-
scher Gläser aus der känozoischen Stratigrafie untermauert werden. Die δDg-Werte zeigen zwei wesentli-
che Trends, die einerseits in Verbindung mit Oberflächenhebung innerhalb des Einzugsgebiets zwischen
6.0 und 3.5Ma stehen und andererseits mit dem Einsetzen semiarider Bedingungen durch Erreichen ei-
nes Schwellenwertes der Topografie der östlich gelegenen Gebirgszüge nach 3.5Ma erklärt werden kön-
nen. Tektonisch bedingte Unterbrechung der Sedimentzufuhr aus westlich gelegenen Liefergebieten um
4.2Ma und die folgende Hinterland-Aridifizierung deuten weiterhin auf die Möglichkeit hin, dass diese
Prozesse die Folge eines lateralenWachstums des Puna-Plateaus sind. Diese Aridifizierung im Bereich der
Puna resultierte in einem ineffizienten, endorheischen Entwässerungssystem, das dazu beigetragen hat,
das Plateau vor Einschneidung und externer Entwässerung zu bewahren und Reliefgegensätze aufgrund
fortgesetzter Beckensedimentation reduzierte.

Die diachrone Natur der Hebungen und Beckenbildungen sowie deren Auswirkungen auf das Fluss-
system im angrenzenden Vorland wird sowohl durch detaillierte Analysen der Sedimentherkunft und
Transportrichtungen als auch Uran-Blei-Datierungen im Lerma- und Metán-Becken (25° S) weiterhin
unterstrichen. Das wird besonders deutlich am Beispiel der isolierten Hebung der Sierra de Metán vor
etwa 10Ma, die mehr als 50 km von der aktiven orogenen Front im Westen entfernt liegt. Ab 5Ma sind
typische Lithologien der Puna nicht mehr in den Vorlandsedimenten nachweisbar, welches die weitere
Hebung innerhalb derOstkordillere und die hydrologische Isolation desAngastaco-Beckens in dieserRe-
gion dokumentiert. Im Spätpliozän undQuartär ist die Deformation letztlich über das gesamte Vorland
verteilt und bis heute aktiv.

Um die Beziehungen zwischen tektonisch kontrollierten Veränderungen der Topografie und deren
Einfluss auf atmosphärische Prozesse besser zu verstehen, werden in dieserArbeit weitere altersspezifische
Wasserstoff-Isotopendaten vulkanischer Gläser aus dem zerbrochenen Vorland, dem Angastaco-Becken
in derÜbergangsregion zwischenOstkordillere und Punarand und anderer intermontaner Beckenweiter
südlich vorgestellt. Die Resultate dokumentieren ähnliche Höhenlagen der untersuchten Regionen bis
ca. 7Ma, gefolgt von Hebungsprozessen im Bereich des Angastaco-Beckens. Ein Vergleich mit Isotopen-
daten vom benachbarten Puna-Plateau hilft abrupte δDg-Schwankungen in den intermontanen Daten
zu erklären und untermauert die Existenz wiederkehrender Phasen verstärkt konvektiver Wetterlagen im
Pliozän, ähnlich heutigen Bedingungen.

In dieser Arbeit werden geländeorientierte und geochemischeMethoden kombiniert, um Erkenntnis-
se über die Abläufe von topografiebildenden Deformations- und Hebungsprozessen zu gewinnen und
Wechselwirkungen mit der daraus resultierenden Niederschlagsverteilung, Erosion und Sedimentation
innerhalb tektonisch aktiver Gebirge zu erforschen. Diese Erkenntnisse sind für ein besseres Verständ-
nis von Subduktionsgebirgen essentiell, besonders hinsichtlich des Deformationsstils und der zeitlich-
räumlichen Beziehungen bei der Hebung und Sedimentbeckenbildung. Diese Arbeit weist darüberhin-
aus auf die Bedeutung stabiler Isotopensysteme zur Beantwortung paläoaltimetrischer Fragestellungen
und zur Erforschung von Paläoumweltbedingungen hin und liefert wichtige Erkenntnisse für einen kri-
tischen Umgang mit solchen Daten in anderen Regionen.
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Chapter 1

Thesis organization& author contributions

This study constitutes a cumulative thesis that combines peer-reviewed, published articles and a
manuscript that will be submitted for review to a scientific journal. The overarching goal of the research
conducted as part of this thesis is to better understand interactions between climate, tectonics, and sur-
face processes in the southern Central Andes of northwestern Argentina. The project was initially started
within the framework of the DFG-Leibniz Center for Surface Process and Climate Studies, funded by
the Leibniz awards of Deutsche Forschungsgemeinschaft (DFG) toM. Strecker and G.Haug, which had
the aim to link studies of tectonics, climate, and surface processes on geologic to annual timescales. Fully
financed by DFG, this center provided the platform for a pilot and feasibility study that ultimately re-
sulted in a DFG-research proposal, titledNeogene to Quaternary tectono-geomorphic evolution and paleo-
hydrology of the South Central Andes, NW Argentina, funded toM. Strecker, A. Mulch, and D. Sachse.
This thesis represents an integral part of this proposal, which had three main goals: (1) Obtaining a de-
tailed record of present-day isotopic hydrogen and oxygen signatures of meteoric waters, carbonates, and
organic matter; (2) deciphering paleo-hydrologic and climatic changes through the use of compound-
specific isotope compositions of lipid biomarkers extracted from sedimentary basin deposits; (3) evaluat-
ing the magnitude of elevation changes and their effects on orographic precipitation, using the isotopic
signature of hydrated glass from volcanic ashes to validate the interpretation of long-term precipitation
changes as a trigger for changes in basin sedimentation and erosion episodes; and (4) combining the results
to analyze and understand the patterns of lateral orogenic growth during foreland-basin segmentation
and ensuing changes in climatic and depositional systems.

Chapter 2 – Introduction. This chapter reviews the basic principles of the interactions among tecton-
ics, climate, and surface processes in tectonically active mountain belts. In addition, the rationale and
motivation of the dissertation and resulting research questions are laid out following a brief overview of
the geological history and the climatic setting of the southern Central Andes.

Chapter 3 –Neotectonic basin& landscape evolution in the EasternCordillera ofNWArgentina. This
chapter discusses the late Cenozoic evolution of the intermontane Humahuaca Basin in northwestern
Argentina as deduced from field observations of deformation patterns and regional unconformities in
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basin strata, sediment provenance, and paleocurrent analyses. The study also furnishes a new U–Pb zir-
con geochronology of interbedded volcanic ash deposits to improve the history of tectono-sedimentary
processes in this intermontane setting. As such, this study entails the development of a refined basin
stratigraphy and chronology of a tectonically active, intermontane basin in the Eastern Cordillera of the
Andes and evaluates the causes and consequences of multiple basin-fill and excavation cycles during the
Plio-Pleistocene, with an emphasis on possible links between the reactivation of basinal fault systems and
mass removal. This chapter has been published: Pingel, H., Strecker, M.R., Alonso, R.N., Schmitt, A.K.,
2013. Neotectonic basin and landscape evolution in the Eastern Cordillera of NWArgentina, Humahuaca
Basin (~24 ° S). Basin Research 25, 554–573. HP carried out all fieldwork, including detailed geological
and structural mapping, fault-kinematic and clast-imbrication measurements, and clast counting of con-
glomeratic units. HP also sampled key volcanic ash horizons, carried out mineral separation, and finally
performed isotope measurements, corrections, and data interpretation for U–Pb zircon age determina-
tion under the guidance of AS. MRS and RA supported fieldwork and logistics. All illustrations are the
responsibility of HP. All authors participated in discussing the results and interpretations, and critically
read the manuscript.

Chapter 4 –Pliocene orographic barrier uplift in the southernCentral Andes. This chapter explores the
potential for hydrogen stable isotopes in hydrated volcanic glass in reconstructing paleoenvironmental
changes in northwestern Argentina. This method allows for an assessment of the spatiotemporal evolu-
tion of orographic barriers through a known relationship between topographic change and the isotopic
composition of meteoric water that eventually becomes incorporated in the proxy record. In particular,
applied to the well-studied Humahuaca Basin, this method enables the investigation of the timing and
rates of topographic growth during Mio-Pliocene deformation and range uplift, and the subsequent de-
velopment of efficient orographic effects once threshold elevations have been attained. This chapter is
also published: Pingel, H., Alonso, R.N., Mulch, A., Rohrmann, A., Sudo, M., Strecker, M.R., 2014.
Pliocene orographic barrier uplift in the southern Central Andes, Geology 42(8), 691–694. HP performed
fieldwork and sample collection of volcanic ashes, sample preparation, andmineral separation. Under the
guidance of AM, HP was also responsible for measuring stable hydrogen isotope ratios of volcanic glass
shards and data interpretation. AR,MRS, andRA supported fieldwork, sample collection, and logistics.
MS performed sample preparation, isotopemeasurements, corrections, and 40Ar/39Ar age interpretation
of a key volcanic ash sample. All illustrations are the responsibility of HP. All authors contributed to
discussing the results and critically read the manuscript.

Chapter 5 – Neogene to Quaternary broken foreland formation & sedimentation dynamics. This
chapter deciphers the tectono-stratigraphic evolution across the Eastern Cordillera and the broken fore-
land of the Santa Bárbara System at ~25° S, deduced through extensive clast-provenance and paleocurrent
analyses, U–Pb andU–Th zircon geochronology, and subsurface interpretation of industry seismic reflec-
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tion data. This chapter is published: Hain, M.P., Strecker, M.R., Bookhagen, B., Alonso, R.N., Pingel,
H., Schmitt, A.K., 2011. Neogene to Quaternary broken foreland formation and sedimentation dynam-
ics in the Andes of NW Argentina ~25 ° S, Tectonics 30, TC2006, doi: 10.1029/2010TC002703. MH
performed fieldwork, including sample collection, geological and structural mapping, clast-imbrication
measurements, and clast counting of conglomeratic units. HP conducted additional clast provenance and
paleocurrent measurements and collected key volcanic ashes in the field. HP performed sample prepara-
tion and isotopic measurements, corrections, and data interpretations of U–Pb zircon and U–Th ages
together with AS. MRS and RA supported fieldwork and helped identifying key sampling sites. MH
performed seismic reflection interpretation and is responsible for illustrations. All authors participated
in discussing the results and critically read the manuscript.

Chapter 6 – Orographic barrier uplift& convective rainfall along the Central Andes of NW Argentina.
This manuscript is in preparation for publication. This part of the study investigates possible feedbacks
between hydrogen stable isotopes in volcanic glass from the Mio-Pliocene intermontane basin record of
theAngastacoBasin at ~25° S and atmospheric processes. Although the evolution of tectono-sedimentary
processes at this location is similar to other intermontane basins in northwest Argentina, recent investiga-
tions have shown that the present-daymeteorological conditions aremuchmore complex than in regions
farther north, and thus affect modern stable-isotope compositions in rainfall. This raises the question as
to whether or not stable isotope paleorecords can be confidently used in this region of the Andes to infer
paleoenvironmental change. By comparing the hydrogen stable-isotope compositions from the Angas-
taco Basin and other basins to the south with published data from the intra-orogenic Puna plateau to the
west, this part of the study reveals repeated episodes with conditions similar to the present-day, which
render generalized regional paleoenvironmental inferences difficult.

Chapter 7 – Discussion& Conclusion. This chapter of the thesis combines the principal results of the
individual studies and reviews the data in a regional context. Furthermore, additional research questions
stimulated by this study and possible future efforts to solve them are discussed.





Chapter 2

Introduction

Next to rifting and the formation of ocean basins, mountain building is one of to the most significant
processes in shaping Earth’s surface over geological time. Mountain building and the development of
pronounced topography may fundamentally impact atmospheric flow and cause asymmetries in the dis-
tribution and amount of rainfall on hemispheric scales (e.g., Bookhagen&Burbank, 2006; Bookhagen&
Strecker, 2008). Consequently, this may in turn produce steep gradients in surface processes, such as the
efficiency of erosion across an orogen (Lal et al., 2003; Gabet et al., 2008; Owen et al., 2010; Bookhagen
& Strecker, 2012; Burbank et al., 2012; Placzek et al., 2015). Importantly, together these tectono-climatic
interactions and the resulting processes shaping Earth’s surface control a wide variety of geological and
biological processes on our planet. In orogenic settings, such as the South American Andes and the Hi-
malaya, for example, precipitation is often focused along the windward flanks of high topography, while
the orogenic interior is characterized by progressively reduced rainfall, if the transport of air masses is
perpendicular or oblique with respect to the orientation of the mountain belt (Fig. 2.1). Furthermore,
tectonics, climate, and surface processes are not only tightly linked, but there may be intriguing feed-
backs among them, which may impact on lithospheric processes and regional stress fields (Dahlen, 1990;
Whipple &Meade, 2006;Meade&Conrad, 2008;McQuarrie et al., 2008). For example, it has been sug-
gested that orographic rainout along tectonically active mountain fronts can trigger enhanced localized
rock uplift as a consequence of increased erosional unloading through efficientmass wasting and removal
of material by fluvial processes (e.g., Molnar & England, 1990; Willett, 1999; Zeitler et al., 2001; Rein-
ers et al., 2003; Reiners & Brandon, 2006). On the leeward side of such orographic barriers, however,
reduced surface-process rates may cause increased sediment trapping, loading and an increase in litho-
spheric stresses, which causes fault inactivity in basins and the propagation of deformation into unde-
formed foreland regions, thereby possibly aiding the outward growth of plateaus (e.g., Sobel et al., 2003;
Garcia-Castellanos, 2007). Moreover, an increasing body of evidence suggests that once intermontane
sedimentary basins are re-captured and excavated by headward-incising rivers, deformationmay step back
into these formerly, tectonically quiescent regions (Sobel et al., 2003; Hilley & Strecker, 2005; Strecker
et al., 2007a; Hain et al., 2011; Pingel et al., 2013). In this context it is interesting to note that although
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Figure 2.1– (a) Topography of the northern and central Andes. Yellow outline delineates the internally-drained area
of the Altiplano-Puna plateau. (b) Mean annual rainfall map of the Andes derived fromNASA’s Tropical Rainfall
Measurement Mission (TRMM). Note orographic rainout along the eastern flanks of the Andes and the resulting
arid interior of the orogen. Modified after Bookhagen & Strecker (2008). (c) Shaded relief map and principal
morphotectonic domains of the South Central Andes of northwestern Argentina (after Jordan et al., 1983).

the relationships between tectonic growth, tectonically induced climate change, and surface processes
have been widely discussed in the recent past, their timing, rates, and relative roles in forcing deformation
processes remain poorly understood because of the complex feedbacks that may exist (reviewed in Hilley
& Coutand, 2009).

Excellent outcrop conditions, a rich archive of radiometrically datable volcanic ashes, and pronounced
topographic, climatic, and surface-process gradients across the southern Central Andes of northwestern
Argentina constitute an exceptional environment that lends itself to a detailed investigation of forcing
factors that have been driving Cenozoic orogenic evolution. Such an attemptmay not only help decipher
the details of tectonic-climatic interactions, but it may also resolve yet outstanding issues regarding the
spatiotemporal patterns of range uplift, thus contributing to better understand the underlying processes
that shaped the characteristics of the southern Central Andes. Recent debates on the southern Central
Andes, for example, focus on the onset of plateau formation, the establishment of the South American
Monsoon system, but also on issues regarding plateau formation as a result of lithosphere-asthenosphere
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interaction (e.g., Kay et al., 1994; Allmendinger et al., 1997; McQuarrie, 2002; Garzione et al., 2006).
Alternatively, inferred synergetic processes of foreland-directed uplift of basement ranges and superposed
climatic effects of basin isolation, basin-fill thickness and the reduction of relief under increasingly arid
conditions by foreland-directed uplift are currently being discussed (Masek et al., 1994; Sobel et al., 2003;
Strecker et al., 2007b, 2009).

Sedimentary basins are remarkable archives that may play a pivotal role in answering some of the out-
standing research questions concerning the tectonic and climatic effects of lateral orogenic growth and
thus long-term orogenic evolution and forcing of climate by tectonic processes and possible feedbacks be-
tween them. The sedimentary strata of such basins potentially record tectonic activity and its impact on
climate and the environment, thus providing key proxy indicators of environmental change that track tec-
tonically and climatically forcedprocesses in orogenic evolution. Intermontane basins straddling the flank
on the Argentine side of the Puna plateau, the southern extension of the vast Altiplano-Puna Plateau,
have commonly preserved Neogene to Quaternary sedimentary strata (e.g., Strecker et al., 1989; Kleinert
& Strecker, 2001; Starck &Anzótegui, 2001; Hilley & Strecker, 2005; Hain et al., 2011; Galli et al., 2014),
which hold the key to unravel the tectonic, sedimentary, and climatic history of this actively deforming
region. As such, these basins may provide analogs of similar tectonic and sedimentary conditions in the
orogen interior. For example, these basin sediments are distinctly deformed, contain marked regional
unconformities, and record spatiotemporal variations in grain-size and composition (e.g., Strecker et al.,
2007a). In addition, paleo-transport directions reflect uplift, deformation, and erosion processes of the
surrounding mountain ranges. Moreover, fossil content, lithologic characteristics or authigenic mineral
composition furnish valuable information on the paleoenvironmental conditions, including the avail-
ability of moisture and rainfall (e.g., Kleinert & Strecker, 2001; Starck & Anzótegui, 2001). Northwest
Argentina is well suited for studies attempting to characterize these issues, because in addition to many
sedimentological and paleontological indicators, stable isotopes measured on hydrated volcanic glass or
pedogenic carbonates and authigenic clayminerals provide a valuable resource to assess paleoenvironmen-
tal change (e.g., Latorre et al., 1997; Chamberlain & Poage, 2000; Blisniuk & Stern, 2005; Mulch et al.,
2008, 2010; Cassel et al., 2012). Volcanoes located within the volcanic arc and on the Puna plateau have
been repeatedly active since the late Miocene (Francis & de Silva, 1989). This has resulted in extensive
ash-fall deposits within the eastern Andean intermontane basins and foreland regions, providing unique
radiometrically datable event horizons that allow spatiotemporal tracking of environmental change asso-
ciated with mountain building.

During the past two decades new developments in stable-isotope geochemistry and modeling efforts
applied to paleoaltimetry topics have led to significant advances in determining paleo-elevations, resulting
in new insights into the topographic development of orogens (e.g., Chamberlain & Poage, 2000; Rowley
et al., 2001; Mulch et al., 2004; Garzione et al., 2004, 2006; Kent-Corson et al., 2006; Mulch et al., 2007;
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Garzione et al., 2008;Mulch et al., 2008; Poulsen et al., 2010; Insel et al., 2012b; Chamberlain et al., 2012;
Hoke et al., 2014a,b). Oneparticularmethod to investigate the relationshipbetween tectono-sedimentary
events and paleoenvironmental change, such as surface uplift and hinterland aridification following oro-
graphic barrier formation, is to analyze hydrated volcanic glass shards for their hydrogen stable-isotope
composition as a proxy for surface uplift and associated climatic shifts (e.g., Friedman et al., 1993a,b; Shane
& Ingraham, 2002; Mulch et al., 2008; Cassel et al., 2012; Dettinger, 2013; Canavan et al., 2014; Carrapa
et al., 2014; Cassel et al., 2014; Quade et al., 2015, and this study). This innovative approach is possible,
because rhyolitic glass incorporates significant amounts of meteoric water after deposition (e.g., Fried-
man et al., 1993a,b; Shane& Ingraham, 2002). Rainfall and surface-water isotopic composition generally
shows a negative vertical correlation with elevation at which rainfall occurs and, among other factors, is
sensitive to variations in the amount of precipitation (e.g., Dansgaard, 1964). Since the glass-hydration
process occurs with a systematic isotopic fractionation, the D/H-ratio of the glass (δDg ) represents a
unique fingerprint of the hydrogen-isotope composition of meteoric water present at that time. This
allows the reconstruction of the isotopic composition of paleo-precipitation, which is an important in-
dicator for long-term changes in precipitation patterns and continental moisture transport (e.g., Mulch
et al., 2008).

2.1 Geological setting

The South American Andes are the largest active subduction orogen on Earth (e.g., James, 1971; Jordan
et al., 1983). In addition, the Central Andes of Bolivia, northern Chile, and northwestern Argentina
host the second largest orogenic plateau, the Andean Altiplano-Puna plateau, with a north-south extent
of more then 1,500 km (e.g., Allmendinger et al., 1997). The Puna Plateau, the southern part of this
arid and largely internally drained region, is at an average elevation of ~4.4 km (Whitman et al., 1996).
In comparison to the northern Altiplano, which is characterized by very low relief due to large, con-
tiguous sedimentary basins, the Puna plateau is characterized by north-south oriented, fault-bounded
mountain ranges that dissect the landscape and constitute a compressional basin-and-range topography
with structural similarities to the adjacent Eastern Cordillera and its intermontane basins (Strecker et al.,
2009). During the Cenozoic Andean orogeny a number of other morphotectonic provinces have formed
in northwestern Argentina (Fig. 2.1c, Jordan et al., 1983; Allmendinger et al., 1983). These include the
Eastern Cordillera and the Sierras Pampeanas provinces that delimit the eastern Puna plateaumargin. To
the north of the area analyzed in this thesis, the thick-skinned thrust belt of the Eastern Cordillera is char-
acterized by high relief, external drainage, and contains a series of reverse-fault bounded intermontane
basins (Marrett et al., 1994; Mon & Salfity, 1995; Kley et al., 1996; Kley, 1996; Marrett & Strecker, 2000;
Hilley & Strecker, 2005; Coutand et al., 2006; Strecker et al., 2007b, 2009). The Sierras Pampeanas to
the south are a Laramide-style, thick-skinned basement uplift province (Jordan & Allmendinger, 1986).
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Figure 2.2–Topographic and structural differences between (a) the thin-skinned foreland-basin systemof southern
Bolivia and NWArgentina as described in DeCelles & Giles (1996) and (b) the broken foreland of NWArgentina,
modified after Strecker et al. (2011).

The basement-cored ranges are highly disparate in space and time and constitute a broken foreland with
numerous, only partly connected depositional centers (e.g., Jordan et al., 1983; Ramos et al., 2002). In
southern Bolivia and northern Argentina, the Eastern Cordillera transitions into the active, thin-skinned
fold-and-thrust belt of the Sierras Subandinas (e.g., Gubbels et al., 1993; Echavarría et al., 2003). Here,
deformation is predominantly accommodated by folding associatedwith shallow detachment faults (e.g.,
Dunn et al., 1995) and extensive thrusting of thick Paleozoic and Mesozoic units (e.g., Echavarría et al.,
2003). This, however, is not the case in the NW-Argentine Santa Bárbara System, which is structurally
transitional between the Sierras Subandinas and the Sierras Pampeanas. In the Santa Bárbara System
shortening is accommodated along steeply dipping, inverted normal faults that initially formed during
Cretaceous extension (e.g., Grier et al., 1991; Kley, 1996; Kley & Monaldi, 2002; Kley et al., 2005). As
a consequence of normal-fault inversion and the lack of a thick sedimentary cover (e.g., Allmendinger
&Gubbels, 1996, and references therein), the Santa Bárbara System is characterized by spatially disparate
range uplifts and intervening sedimentary basins at low elevation. These characteristics thusmarkedly dif-
fer from the thin-skinned foreland-basin system in Bolivia to the north (e.g., DeCelles &Giles, 1996) and
constitute a highly differentiated broken-foreland (Fig. 2.2). The structural, topographic, and sedimen-
tological processes of this region are therefore similar to the Sierras Pampeanas of Argentina (e.g., Jordan
&Allmendinger, 1986;Mortimer et al., 2007) and other Cenozoic broken-foreland belts worldwide (e.g.,
Sobel & Strecker, 2003).

Cenozoic crustal shortening in the southern Central Andes commenced in Eo-Oligocene time andwas
marked by widespread range uplift and exhumation along reactivated, inherited structures in the realm
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of the present-day Puna plateau (Kraemer et al., 1999; Carrapa et al., 2005; Coutand et al., 2001, 2006;
Deeken et al., 2006; Letcher, 2007; Hongn et al., 2007; Insel et al., 2012a). This is also documented
by regional unconformities and growth strata in middle Eocene foreland deposits, which highlight the
potential for the existence of an early broken foreland similar to the Sierras Pampeanas (Hongn et al.,
2007;Del Papa et al., 2013;Galli et al., 2014). During themiddle to lateMiocene, deformationpropagated
eastward and affected thepresent-dayPunaplateaumargin in theEasternCordillera and the SantaBárbara
System, causing a progressive compartmentalization of the formerly contiguous foreland basin (Marrett
& Strecker, 2000; Kleinert & Strecker, 2001; Sobel & Strecker, 2003; Deeken et al., 2005, 2006; Coutand
et al., 2006;Mortimer et al., 2007;Carrera&Muñoz, 2008; Siks&Horton, 2011;Hain et al., 2011, and this
study). This stage of deformation involved a pattern of diachronous and spatially disparate range uplifts
associated with the formation of intermontane basins along the Puna margin (reviewed in Strecker et al.,
2009). Deformation in the area of the Santa Bárbara System has been active since ca. 10Ma (Sierra de
Metán), but it has been more widespread since the Pliocene (e.g., Reynolds et al., 2000; Hain et al., 2011;
González Bonorino & del Valle Abascal, 2012).

Presently, virtually all intermontane basins in northwestern Argentina are fluvially connected with the
foreland base level, and most of them have experienced severed fluvial conditions associated with multi-
ple phases of up to km-scale basin filling and subsequent re-excavation during the Plio-Pleistocene (e.g.,
Strecker et al., 2007a, 2009). This variability in basin behavior is attributed to a range of mechanisms,
entailing Pliocene range uplift, associated orographic effects, and reduced fluvial connectivity. In this set-
ting, the hinterland fluvial system is cut off from the foreland and reduced rainfall amounts, due to the
growth of orographic barriers, disable the export of locally produced sediment from the hillslopes (e.g.,
Hilley & Strecker, 2005; Hain et al., 2011). In addition, regional climate variations can cause temporary
wetter conditions in the hinterland, for example during pluvial episodes, which may lead to enhanced
slope instabilities and greater sediment production, which may further reduce stream power.

2.2 Climatic setting

Due to its vast latitudinal extent and areally extensive high elevations, the Central Andes constitute a
first-order topographic barrier to atmospheric circulation, resulting in extreme across-strike gradients in
moisture availability (e.g., Bianchi&Yañez, 1992; Bookhagen& Strecker, 2008). For example, the eastern
slopes of the Central Andes receive relatively large amounts of rainfall of more than 3,000mm/yr (Fig.
2.1) and are characterized by a dense vegetation cover. In contrast, orogen-interior regions, such as the
high-elevation Puna plateau to the west and the transitional intermontane basins along its eastern mar-
gin, receive progressively less rainfall (<200mm/yr) and are characterized by semi-arid to arid conditions
(e.g., Bianchi & Yañez, 1992; Bookhagen & Strecker, 2008). This contrast in the spatial distribution and
amount of rainfall is accompanied by a strong gradient in fluvial runoff and efficiency of surface processes,
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which results in very low erosion rates on the internally-drained and low-relief plateau area compared to
higher rates in the externally-drained high-relief sector of the Eastern Cordillera (e.g., Strecker et al., 2009;
Bookhagen & Strecker, 2012).

Presently, moist air masses from the Atlantic Ocean and the Amazon Basin are transported towards
the Andes via the seasonal South American Monsoon system (Seluchi et al., 2003; Vera et al., 2006a,b),
with peak rainout along the Andes during the austral summer (~80% of annual precipitation; Bianchi
& Yañez, 1992). These air masses are being deflected to the south as they impinge on the high-elevation,
eastern Andean flanks. Moisture is thus transported into subtropical regions of South America that are
otherwise characterized by generally arid conditions. Climatemodeling suggests that aminimumof ~50%
of the modern Andean topography has to be attained to achieve comparable topographic-atmospheric
interactions as seen today (e.g., Ehlers&Poulsen, 2009; Poulsen et al., 2010). Evidence from the geological
record in northwestern Argentina and southern Bolivia, along the present-day Altiplano-Puna plateau
margin, suggests that this attainment of topography may have been reached between approximately 10
and 8Ma (e.g., Starck & Anzótegui, 2001; Uba et al., 2009; Mulch et al., 2010). Other interpretations,
in contrast, have argued for generally high elevations on the plateau since Eo-Oligocene time, based on
disparate stable-isotope records from sedimentary basins in the Puna region (e.g., Canavan et al., 2014;
Quade et al., 2015).

2.3 Research questions

Against the background of the rich interactions between tectonics, climate and surface processes in the
NW Argentine Andes this thesis mainly focuses on the development and evolution of intermontane
basins within the Eastern Cordillera and the broken foreland basin of the Santa Bárbara System of NW
Argentina. Due to numerous well-dated sedimentary sections and newly dated volcanic ash horizons
in the course of this thesis such a focus enables analyzing spatiotemporal changes and patterns of tec-
tonism in basins of the principal morphotectonic provinces and adjacent mountain ranges. In addition,
this approach furnishes valuable insight into the different styles of sedimentation and climatic shifts that
are associated with topographic growth perpendicular to the major moisture-bearing wind systems. The
main aim of this study is thus to answer the following thematically linked, principal research questions
that address the late Cenozoic topographic evolution of the southern Central Andes:

i) What are the tectono-sedimentary characteristics of the intermontaneHumahuaca Basin of theNW-
Argentine EasternCordillera flanking the eastern Punamargin at ca. 23° S?What are themechanisms that
caused basin-fill and excavation cycles in the basin, and how do these processes relate to repeated intra-
basin deformation over time? (Chapter 3)

ii) What is the timing of range uplift and orographic barrier formation in the area of the present-day
Humahuaca Basin, and are these changes reflected in the hydrogen stable-isotope composition of volcanic
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glass? If so, what can we learn from the isotopic trends in terms of surface-uplift rates vs. the onset of
enhanced aridity in the hinterland? What is the impact of hinterland aridification on the development
and maintenance of the Puna plateau as an internally drained morphotectonic entity? (Chapter 4)

iii) What are the spatiotemporal patterns of foreland-basin fragmentation across the transition between
the Eastern Cordillera and the Santa Bárbara system at ca. 25° S? What are the mechanisms for increased
sediment accumulation in currently externally drained intermontane basins? (Chapter 5)

iv) In light of recent insights into the influence of convective storms on modern stable-isotope com-
positions of meteoric water (e.g., Rohrmann et al., 2014), research on the evolution of topography in
the Central Andes during the geological past faces several challenges and questions: given the regional
differentiation in isotopic fractionation of meteoric waters, is paleoaltimetry based on stable isotopes a
feasible tool for estimating paleoelevations south of ~25° S? Has the atmospheric circulation been con-
stant or has it fluctuated on longer timescales involving fundamental environmental change during the
Mio-Pliocene? What consequences may this have for paleoaltimetry estimates in this region? Is it possi-
ble to track atmospheric-scale changes through time to decipher the origin and mechanisms of enhanced
convective rainfall in this region or surface uplift during episodes of reduced convection? (Chapter 6)
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Abstract
The intermontane Quebrada de Humahuaca Basin (Humahuaca Basin) in the Eastern Cordillera of the southern
Central Andes of NWArgentina (23°- 24° S) records the evolution of a formerly contiguous foreland-basin setting
to an intermontane depositional environment during the late stages of Cenozoic Andean mountain building.
This basin has been and continues to be subject to shortening and surface uplift, which has resulted in the
establishment of an orographic barrier for easterly sourced moisture-bearing winds along its eastern margin,
followed by leeward aridification. We present new U–Pb zircon ages and palaeocurrent reconstructions suggesting
that from at least 6Ma until 4.2Ma, the Humahuaca Basin was an integral part of a largely contiguous
depositional system that became progressively decoupled from the foreland as deformation migrated eastward.
The Humahuaca Basin experienced multiple cycles of severed hydrological conditions and subsequent re-captured
drainage, fluvial connectivity with the foreland and sediment evacuation. Depositional and structural
relationships among faults, regional unconformities and deformed landforms reveal a general pattern of intrabasin
deformation that appears to be associated with different cycles of alluviation and basin excavation in which
deformation is focused on basin-internal structures during or subsequent to phases of large-scale sediment
removal.

*published in Basin Research (2013) vol. 25, p. 554–573, doi: 10.1111/bre.12016
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3.1 Introduction

To understand the spatiotemporal evolution of tectonically active range fronts in mountain belts, it is
essential to unravel the relationships between styles and rates of tectonic deformation, surface uplift, and
the distribution of precipitation and surface processes that reflect relief and local climatic conditions. This
evolution may be partially recorded by the sedimentary deposits preserved in intermontane basins in the
peripheral sectors of an orogen, in the compartmentalized basinswithin broken forelands, or farther away
in adjacent foreland basins.

Sediment accumulation within contiguous foreland basins is predominantly determined by the flexu-
ral response of the crust to the topographic load from an adjacent fold-and-thrust belt and from the sed-
iments derived from the orogen (e.g., Beaumont, 1981; DeCelles & Giles, 1996). As a fundamental char-
acteristic of foreland basins, protracted deformation and coeval deposition progressively extend into the
previously undeformed, distal foreland regions, with the orogenic deformation front and associated sed-
imentary facies patterns advancing in a systematic spatiotemporal pattern (e.g., DeCelles & Giles, 1996).
In contrast, broken foreland basins may develop in regions where shortening is accommodated along re-
activated high-angle structures inherited from former tectonic regimes (Jordan & Allmendinger, 1986;
Jordan&Alonso, 1987), often leading to highly diachronous and spatially disparate basement uplifts (re-
viewed in Strecker et al., 2011). Isolated range uplifts promote much more subdued flexural subsidence
with accommodation space that is limited to the margins of the individual ranges (Strecker et al., 2011).
If these tectonic characteristics are paired with arid climate conditions, headwater basins can become iso-
lated from the downstream fluvial network, leading to sediment accumulation between uplifting ranges
(Meyer et al., 1998; Sobel et al., 2003; Hilley & Strecker, 2005). Over geological timescales, an array of
isolated to variably connected and laterally restricted depocentres may develop, forming a landscape sim-
ilar to the partially coalesced basins observed in Cenozoic orogenic plateaus and their flanks, such as the
southern part of theAndeanAltiplano-Puna Plateau or theTibetan Plateau and the adjacentQilian Shan
in Asia (Meyer et al., 1998; Sobel et al., 2003; Alonso et al., 2006; Strecker et al., 2009).

Thedynamics of basinhydrology in these environmentsmaydependon a type of competitionbetween
uplift of downstream ranges, which favours fragmentation of the fluvial network, and headward incision,
which promotes the persistence or re-integration of rivers draining the periphery of these orogens (Sobel
et al., 2003;Hilley&Strecker, 2005;Garcia-Castellanos, 2007). As a result, changes in climatic conditions
or tectonic rates may cause these marginal basins along the flanks of an orogenic plateau to transition
between conditions in which fluvial connectivity is promoted or basins are hydrologically isolated from
their downstream watersheds. These alternations in the fluvial network are expected to influence the
rate and tempo of sediment removal from the interior of the orogen to the unrestricted parts of foreland
basins.
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Figure 3.1 – Topography and east-draining river network of the southern Central Andes in NW Argentina and
S Bolivia based on SRTM-GTOPO30. Structural information is taken from Kley et al. (1997), Allmendinger &
Zapata (2000), Sobel et al. (2003), Carrapa et al. (2006), Mortimer et al. (2007), Uba et al. (2007), Mulch et al.
(2010) andHain et al. (2011). Dashed lines delineatemorphotectonic domains. Letters relate tomajor intermontane
basins in NWArgentina discussed in the text: H –Quebrada de Humahuaca; T – Quebrada del Toro; L – Lerma
Basin; C – Calchaquí Basin; SM – SantaMaría Basin; CA – El Cajón-Campo Arenal Basin; F – Bolsón de Fiambalá
Basin. Black box indicates location of Fig. 3.2.

The Andean broken foreland areas of the northern Sierras Pampeanas, the Santa Bárbara System and
parts of the Eastern Cordillera of NW Argentina (Fig. 3.1) illustrate the complex morphology result-
ing from tectonic uplift, basin formation and basin excavation along the eastern flanks of the orogenic
Altiplano-Puna Plateau. While field studies in this region show that rivers connecting intermontane
basinswith the foreland are often interrupteddue to spatial and temporal changes in deformation, climate
and the erodibility of exposed bedrock (e.g., Hilley & Strecker, 2005), predicting the combinations of
driving factors responsible for alternating states of basin isolation and fluvial connectivity is still difficult.
Deposits preserved in the intermontane basins are often deformed, faulted and frequently show syntec-
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tonic growth as a result of initial foreland fragmentation and out-of-sequence deformation, demonstrat-
ing clear tectonic influence on basin sedimentation (for a summary see Hilley & Strecker, 2005; Strecker
et al., 2011). Moreover, regional unconformities show that large volumes of sediment have been rapidly
removed from these basins once they have been re-captured (e.g., Hilley & Strecker, 2005; Strecker et al.,
2009). These superposed processes raise an interesting and as yet unexplored possible feedback between
the re-integration of these intermontane basins with the foreland through fluvial connectivity and re-
newed faulting within the orogenic realm following the removal of sedimentary loads. While these rela-
tionships among tectonics, sedimentation and erosion have been suspected to exist inmany intermontane
basins of the NW Argentine Andes (Strecker et al., 1989, 2009; Hilley & Strecker, 2005; Alonso et al.,
2006), the timescales for individual filling and excavation cycles have remained poorly constrained.

A rich record of frequently intercalated volcanic ashes in the sediments of the southern Humahuaca
Basin of NWArgentina (~23.5° S, Fig. 3.1) provides the requisite chronology to quantify temporal asso-
ciations among tectonics, climate and sedimentation on the scale of a single intermontane basin. In our
study, we present new chronostratigraphic (206Pb/238U zircon and AMS 14C), structural and sedimento-
logical data for various preserved conglomeratic basin fills within the Humahuaca Basin and document
that (a) the transition between a largely continuous foreland depositional environment and a subsequent
fault-bounded intermontane basin is related tomore pronounced surface uplifts to the east after ~4.2Ma;
(b) the intermontane basin stage has been characterized bymultiple cycles of basin filling and subsequent
sediment removal; and, although speculative, (c) out-of-sequence reactivation of faults within the basin
may be closely linked with sediment evacuation.

3.2 Regional& geologic setting

TheHumahuaca Basin (Jujuy Province) is the northernmost intermontane sedimentary basin in an array
of reverse-fault bounded basins within the Eastern Cordillera of NW Argentina along the eastern Puna
Plateau margin, the southern extension of the Bolivian Altiplano (Fig. 3.1). The Humahuaca Basin is
surrounded by highelevation mountain ranges exceeding 5,000m a.s.l. that consist of smaller reverse
and thrust fault-bounded blocks. The Sierra Alta separates the basin from the internally drained and
arid Puna Plateau to the west, while the Tilcara ranges constitute the boundary with the humid foreland
depositional system to the east. At present, the Humahuaca Basin is connected to the foreland via a
narrow, fault-bounded bedrock gorge to the south, through which the Río Grande exits the basin (Figs
3.2 and 3.9). Here, the course of the RíoGrande firstly follows and then obliquely crosses the trace of the
west-dipping reverse fault that bounds the southern sector of the Tilcara ranges.

Basement blocks constitute the basin-bounding ranges that have been uplifted along north to north–
northeast striking, bivergent thrust and reverse-fault systems (Rodríguez Fernández et al., 1999; Kley
et al., 2005, Fig. 3.2). At the latitude of the Humahuaca Basin, the eastern margin of the neighbour-
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Figure 3.2 – (a) Simplified geology of theHumahuaca Basin and surroundings and (b) geological cross section after
Rodríguez Fernández et al. (1999) and own data. Black box indicates the area mapped in detail (Fig. 3.3a).

ing Altiplano-Puna Plateau records a middle Eocene to Oligocene deformation history, influenced by
pre-existing crustal heterogeneities and structures that were reactivated during Cenozoic compression
(Coutand et al., 2001, 2006; Deeken et al., 2006; Hongn et al., 2007; Insel et al., 2012a). Between 10 and
8Ma, the eastern plateaumargin apparently attained sufficient elevation and relief to intercept moisture-
bearing easterly winds; this topography constituted a major orographic barrier to atmospheric circula-
tion on a hemispheric scale, resulting in the aridification of the orogen interior and the establishment of
humid conditions on the eastern flanks (Allmendinger et al., 1997; Kleinert & Strecker, 2001; Starck &
Anzótegui, 2001; Strecker et al., 2007a; Uba et al., 2007; Carrapa et al., 2008; Mulch et al., 2010; Vezzoli
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et al., 2012). During the Mio-Pliocene, deformation migrated into the present-day Eastern Cordillera,
where the formerly contiguous foreland basin was partitioned by regional range uplifts. This deforma-
tion is spatially disparate, highly diachronous (reviewed in Strecker et al., 2007a, 2009) andongoing (Bevis
& Isacks, 1984; Cahill et al., 1992, USGS/NEIC PDE-catalogue).

The basement rocks exposed along the flanks of the Humahuaca Basin comprise tightly folded
late Proterozoic to early Palaeozoic low-grade metasediments of the Puncoviscana Formation (Turner,
1960; Omarini, 1983). These units are unconformably overlain by Cambro-Ordovician sandstones and
quartzites of the Mesón and Santa Victoria groups (Moya, 1988; Sánchez & Salfity, 1999; Aceñolaza,
2003). An angular unconformity separates these sediments from the late Cretaceous to Palaeogene Salta
Group related to the Cretaceous Salta Rift (Salfity, 1982; Galliski & Viramonte, 1988; Marquillas et al.,
2005). Themost prominent strata of these sequences exposed in the southernHumahuaca Basin are con-
tinental red beds of the Pirgua Subgroup, white sandstones and yellow-colouredmarine carbonates of the
Lecho Formation and the stromatolitic Yacoraite Formation (Balbuena Subgroup), respectively, and flu-
vial deposits of the Lumbrera Formation (Santa Bárbara Subgroup). For detailed reviews, see Marquillas
et al. (2005) and Sánchez &Marquillas (2010).

These lithologies are typically overlain by early Cenozoic foreland sediments such as the Quebrada de
los Colorados Formation (middle Eocene-Oligocene), the deposits of the Orán Group (Mio-Pliocene)
or equivalent strata (Gebhard et al., 1974; Russo & Serraiotto, 1978; Díaz & Malizzia, 1984; Vergani &
Starck, 1989a; Coutand et al., 2001) in the Puna and present-day foreland regions to the east of the study
area. However, these sediments have mostly been removed in the highly exhumed Eastern Cordillera
(Jordan & Alonso, 1987; Kley et al., 2005). A regional exception to this general pattern is a ca. 6-km
thick succession of middle Eocene to Pliocene foreland and intermontane basin deposits in the Cianzo
Basin of the Eastern Cordillera, 20 km east of the town of Humahuaca (details in Siks & Horton, 2011).
Strata overlying the Salta Group in the Humahuaca Basin largely consist of weakly consolidated, mainly
conglomeratic deposits that reflect a complex history of deposition, erosion and deformation that spans
the late Miocene and Quaternary.

Three major units have previously been described: the Maimará Formation (Salfity et al., 1984), the
Uquía Formation (Castellanos, 1950; Marshall et al., 1982; Walther et al., 1998) and thick conglomeratic
fills of Quaternary age (Tchilinguirian & Pereyra, 2001; Robinson et al., 2005; Strecker et al., 2007a;
Sancho et al., 2008). In the following sections, wewill refine this stratigraphic framework for the southern
part of the Humahuaca Basin and focus our attention on its distinct volcanic ash-bearing conglomerates
and sandstones that document sustained deposition, deformation and erosion in the basin, and which
provide excellent stratigraphic markers to assess the late Cenozoic basin evolution.
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Figure 3.3 – (a) Geological map of the central study area between Tilcara and Purmamarca in the southern
Humahuaca Basin. Triangles represent U–Pb zircon sample locations (see Table S1) and thick black lines show
the position of measured stratigraphic sections from Fig. 3.6. Map is rotated anti-clockwise by 20°. (b) Simplified
late Cenozoic chronostratigraphy of the study area. Unless otherwise indicated, values represent averaged U–Pb
zircon ages from this study. a 40Ar/39Ar–biotite (Strecker et al., 2007a); b OSL–quartz (Robinson et al., 2005;
Sancho et al., 2008); c AMS 14C (this study). (c) Subsurface interpretations of severely deformed strata. Shown are
pseudo-fault-plane solutions calculated from fault-kinematic indicators documenting thrust kinematics during the
Pliocene. Pv, Puncoviscana Fm; Sa, Salta Group; M, Maimará Fm; T, Tilcara Fm; Q, Quaternary gravels.
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3.3 Methods

We used stratigraphic and structural analysis, together with detailed geological mapping of exposed units
(Fig. 3.3), regional unconformities, sediment provenance, lateral facies pinch-outs and lithological con-
tacts to document the tectono-sedimentary history of the southern Humahuaca Basin. A similar ap-
proach is used in an ongoing chronostratigraphic study of the northern Humahuaca Basin (Streit et al.,
2012).

Despite apparent similarities between the various synorogenic lithologies, spatiotemporal changes in
the sediment sources result in distinct differences among the conglomeratic fill units in the Humahuaca
Basin. We characterized the compositional differences of the fills by counting at least 100 clasts from
within a 0.25m2 grid in key stratigraphic units. To deduce sediment provenance and transport directions
for ancient river systems, we measured ~1,600 imbricated clasts at 33 localities. Where possible, we mea-
sured the orientation of at least 50 clasts per site, applied corrections for structural dip and displayed them
in unidirectional rose diagrams using OSXStereonet software (by N. Cardozo& R. Allmendinger).

Toprovide a chronological base for different tectonic and sedimentological events, we dated 12 volcanic
ash deposits interbedded in theMio-Pleistocene basin strata using U–Pb zircon geochronology. Samples
were crushed, sieved and treatedwith standard heavy-liquid andmagnetic separation techniques to isolate
zircon crystals. About 30 crystals per sample were handpicked, mounted in epoxy, polished and cleaned,
and then gold-coated for microprobe analysis. Crystals free of inclusions, or cracks were selected for U–
Pb analysis using the CAMECA IMS 1270 ionmicroprobe at theUniversity of California in Los Angeles,
following protocols described in Schmitt et al. (2003) and Grove et al. (2003). The 206Pb/238U ages have
been corrected for common Pb and initial disequilibrium. The uncertainties in U–Pb ages, estimated
from the reproducibility of standard AS3 zircons (1,099.1Ma; Paces &Miller, 1993), were 2.2% and 2.7%
(1 standard deviation) for the analytical sessions in July 2009 and June 2010, respectively.

3.4 Results

3.4.1 U–Pb zircon geochronology

Most analysed samples show complex zircon age distributions. This could be due to protracted pre-
eruptive crystal residences (e.g., Schmitt et al., 2003), or post-eruptive reworking in which case mixing
and contamination with detrital crystals during emplacement would lead to the presence of multiple age
populations. We therefore systematically omitted older ages from our calculations of an average zircon
crystallization age. The statistically uniform younger age population was then used as an approximation
for the depositional age, while acknowledging that this is likely to overestimate the eruption age because
of pre-eruptive zircon crystallization (e.g. by ~0.1Ma for the large-volume Atana ignimbrite; Schmitt
et al., 2001). Most samples yielded consistent 206Pb/238U ages for the majority of crystals, as indicated by
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Figure 3.4 – 207Pb/206Pb vs. 238U/206Pb zircon data for Maimará samples, uncorrected for common Pb and re-
gression lines with a fixed y-axis intercept corresponding to common Pb (207Pb/206Pb = 0.83). Concordia segment
(ages in Ma) is plotted for initial disequilibrium D 230Th/238U = 0.2 and D 231Pa/235U = 3. Number of analyses
excluded from regression is given in parentheses.

near-unity values for the mean square of weighted deviates (MSWDs), suggesting only minor reworking.
In some cases, however, only a small percentage of the crystals defined a coherent young population; in
these cases, we have interpreted the 206Pb/238U zircon age as themaximum age for deposition. Results are
shown in Figs 3.3–3.5, and summarized in Table A.1.

3.4.2 Late Miocene to Pliocene stratigraphy

Maimará Formation

The ochre to yellow beds of theMaimará Formation unconformably overlie the older lithologies exposed
in the basin, including the Proterozoic Puncoviscana Formation. TheMaimará Formation generally com-
prises arkosic sandstones and interbedded cobble conglomerates, and is at least 250-m thick (Fig. 3.6).
The matrix to clast-supported conglomerates are composed of well-rounded pebbles and cobbles, and
occasionally boulders, mainly from Proterozoic (23.5% PV) and Palaeozoic (64.5% PZ) sources (Punco-
viscana Fm. & Mesón Group). This unit also contains clasts of limestones and sandstones from the
Cretaceous to Palaeogene Salta Group (12% CR) and a minor proportion of lithic-rich, late Miocene to
Pliocene ignimbrites with the nearest known exposures confined to the Puna Plateau to the west (e.g.,
Riller & Oncken, 2003).
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Figure 3.5 – 207Pb/206Pb vs. 238U/206Pb zircon data for Tilcara and Quaternary gravel samples, uncorrected for
common Pb and regression lines with a fixed y-axis intercept corresponding to common Pb (207Pb/206Pb = 0.83).
See caption of Fig. 3.4 for additional information.

The most complete section is exposed in the Quebrada de Maimará, west of the town of Maimará
(Figs 3.3 and 3.6), where the succession has been thrust eastward over Pliocene conglomerates. Fossil-
rich clay beds and siltstones dominate the basal 50m of this section and contain freshwater ostracods
(Limnocythere sp.; Fig. 3.8b) and intact calcic encrustations of charophyte oogonia. The following 200-m
thick sequence of interbedded sandstones and conglomerates is intercalated with at least seven volcanic
ash layers.
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About 75m of faulted strata of the Maimará Formation is also exposed at Incahuasi, located about
10 km south of the Quebrada de Maimará. This section unconformably overlies palaeo-relief developed
in the Proterozoic to Palaeozoic basement and comprises severalmetre-thick banks ofmoderately consoli-
dated fine-grained arkosic sandstones that are frequently intercalatedwith rhyolitic ash layers, debris-flow
deposits and conglomeratic channel fills (Fig. 3.6). Further exposures of theMaimará Formation exist east
of the town of Tilcara, along the Río Huasamayo, where the Maimará Formation has been thrust over
late Pleistocene conglomerates (e.g., Salfity et al., 1984; Marrett et al., 1994, Fig. 3.8a).

The presence of ignimbrite clasts sourced in the Puna supports the notion of an eastward fluvial trans-
port across the present-day Sierra Alta, the major mountain range that now constitutes the eastern mar-
gin of the Altiplano-Puna Plateau west of the basin. The notion of a western provenance is in agreement
with our palaeocurrent estimates that demonstrate an east-southeast-directed palaeo-drainage system at
that time (Fig. 3.7). We therefore conclude that the former fluvial network must have drained eastward
across both ranges that now delimit the basin.

Our U–Pb zircon ages from various volcanic ashes (08HUM03; 08HUM05; 08HUM07; 09HUM12;
10HUM02; 10HUM21; 10HUM23; Figs 3.4 and 3.6; Table A.1) constrain that this depositional setting
existed at least between 5.92 ± 0.12Ma (MSWD= 1.4; n = 14) and 4.18 ± 0.11Ma (MSWD= 0.68; n= 10).

Tilcara Formation

In the southernHumahuaca Basin, theMaimará Formation is overlain by a series ofmetre-thick interbed-
ded conglomerate, fanglomerate and sandstone beds, at least 250-m thick, which also contain volcanic
ash layers. The transition to subsequent lithologies is always characterized by a pronounced regional un-
conformity, rendering all measurements of total sediment thickness minimum estimates (Figs 3.8c, d).
In contrast to the Maimará Formation, the poorly consolidated strata comprise well-rounded and well-
imbricated pebble- to boulder-sized clasts with only a minor quantity of Salta Group clasts, but no ign-
imbrites (27.5% PV; 71% PZ; 1.5% CR). Carbonate cementation of conglomerates occurs in metre-thick
beds. The nearly filled pore spaces, within such beds, suggest advanced pedogenic K-horizon formation
(e.g., Gile et al., 1965; Machette, 1985), a common feature associated with conglomerate deposits in the
semi-arid environments of the southernCentral Andes (e.g., Strecker et al., 1989). Clast-imbricationmea-
surements record a change to a southerly direction of sediment transport (Figs 3.6 and 3.7). While on av-
erage, this change demonstrates a rotation of ca. 20° south (Fig. 3.7), palaeocurrent directions measured
along continuous sections reflect a dramatic reorganization of the fluvial system by >90° (Fig. 3.6).

Two ashes sampled in the lower part of the section (08HUM01 and 08HUM08) yielded overlapping
U–Pb zircon ages of 3.66 ± 0.20 (MSWD = 1.6; n = 6) and 3.52 ± 0.08Ma (MSWD = 0.44; n = 8; Fig.
3.5; Table A.1). Because these age determinations are statistically indistinguishable, we consider them
to represent the same ash horizon. A second ash layer from the upper section (09HUM05) yielded a
significantly younger 206Pb/238U zircon age of 2.50 ± 0.10Ma (MSWD= 1.4; n = 9; Fig. 3.5; Table A.1).
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Figure 3.6 – Measured stratigraphic sections located near Incahuasi and in the Quebrada de Maimará. Detailed
locations are given in Fig. 3.3a.

Previous stratigraphic and palaeontological studies have shown that in the northern Humahuaca
Basin, strata of the Maimará Formation are overlain by the fossil-bearing fluvial Uquía Formation. This
unit comprises mud and sandstones with occasional conglomeratic beds and interbedded volcanic ash
horizons (Castellanos, 1950;Reguero et al., 2007). Clast counts for theUquíaFormation at a limitednum-
ber of outcrops reveal ~10% Proterozoic rocks (Puncoviscana Fm.) and ~90% Palaeozoic rocks (Mesón
Group). Age determinations of a basal volcanic ash from the Uquía Formation (3.54 ± 0.04Ma, Mar-
shall et al., 1982) and fromwithin the upper third of the section (zircon fission-track age ~2.5Ma, Walther
et al., 1998) are in good agreement with our chronology of the Tilcara Formation. Furthermore, palaeo-
magnetic results from theUquía Formation (Marshall et al., 1982) imply that its uppermost stratamay be
as young as ~1.5Ma. As the topmost section of the Tilcara Formation is not preserved, we are unable to
determine an upper depositional age limit. However, we infer that the timing of deposition was similar
in both sub-basins. We consider this assumption to be valid because (a) we do not find any evidence of
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other deposits between 2.5 and >1Ma in the southern Humahuaca Basin, and (b) the oldest Quaternary
sediments that cover both formations uniformly may be as old as ~1 Ma. It is therefore quite possible
that the (unpreserved) top of the Tilcara Formation in the southern basin is temporally equivalent to the
~1.5Myr old top of the Uquía Formation to the north.

Although chronostratigraphic investigations in thenorthernHumahuacaBasin are still ongoing (Streit
et al., 2012), we have sufficient evidence for lithological differences between the corresponding Plio- Pleis-
tocene deposits in the two sub-basins to establish a new lithological unit in the southern basin: theTilcara
Formation. Our radiometric ages show that deposition of this unit took place between ~4.2 and 2.5Ma
and by correlation may have lasted until approximately 1.5Ma.

Landslide deposits

We identifiedmultiple voluminous landslide deposits south ofMaimará village that unconformably cover
older units along the eastern basinmargin (Fig. 3.3a). These deposits predominantly consist of Palaeozoic
and Cretaceous to Eocene rocks, and overlie previously exhumed Palaeozoic rocks that dip steeply west-
ward. Multiple, pervasively shattered rock sheets with no stratigraphic context are located 60m above
the valley floor and appear to be sourced in the eastern basin-bounding range. In places, the landslide
deposits have been subsequently covered by sub-horizontally bedded conglomerates of Pleistocene age.
The depositional age of the landslide deposits can, therefore, be only crudely constrained to be older than
the Pleistocene conglomerates.

To the west of the Río Grande and north of Incahuasi (Fig. 3.3a), a voluminous Quaternary land-
slide deposit that extends for approximately 3.5 km to the north has been preserved covering an erosional
palaeo-landscape in the previously deposited and folded units. The deposit comprises two distinct source
lithologies: (a) basal conglomerates whose clast composition, size and general appearance match the con-
glomeratic sections of the Maimará Formation; and (b) Proterozoic basement, found only in the upper
section of the landslide. In both parts, the rocks are heavily sheared and fractured, with the degree of
cataclasis increasing with depth, culminating at the bottomwhere underlying undifferentiated sediments
have been injected upward into the fully disintegrated rocks. The contact between the two units compris-
ing the landslide deposit is very sharp and resembles a thrust fault identical to the relationships that can be
observed along the present-day basin-bounding Sierra Alta to the west. The landslide deposit is covered
by ash-bearing fanglomerates that have been dated to ~1Ma (see section below), whichwere subsequently
tilted by faulting.

Quaternary gravels

The youngest deposits in the southern Humahuaca Basin constitute thick gravel fills covering palaeoto-
pography in the previously deformed and eroded units. Two lithological units can be distinguished on
the basis of clast compositions. The first unit comprises dark grey to black fanglomerates that were de-
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Figure 3.7 – Palaeoflow directions in the Humahuaca Basin derived from clast-imbrications measured in late
Miocene to Pleistocene basin strata. Directions are presented on unidirectional rose diagrams for each site. Pan-
els (a), (b) and (c) show the development of the fluvial network in the Maimará, Tilcara and Quaternary gravel
formations respectively. Panel (b) also shows data from theUquía Formation in the northernHumahuaca Basin. A
combination of all clast imbrications for each unit is given in panel (d) highlighting a significant change in transport
directions after 4.2Ma associated with changes in the topographic boundary conditions. Palaeoflow directions in
the Quaternary gravels are biased by a lack of properly distributed sample sites; locations are mainly along the east-
ern margins of the basin, thus more prone to reflect westerly drainages. Results of provenance analyses are shown
in histogram plots depicting mean clast compositions of conglomeratic units.
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Figure 3.8 – (a) Thrust fault near Tilcara along the Río Huasamayo, juxtaposing late Miocene Maimará deposits
against Quaternary gravels. Arrows and dashed lines indicate the vertical displacement (up to 20m) of a formerly
contiguous terrace surface. (b) SEM image of Limnocythere sp. from the lower beds of the Maimará Formation.
(c) Deformed bedding-parallel erosion surfaces in the Tilcara Formation preserved belowQuaternary landslide de-
posits. Tectono-sedimentary relationships suggest an episode of river incision and excavation prior to deformation.
(d) Another example of themarked regional unconformity between theTilcara Formation andQuaternary gravels.
(e) Thick conglomeratic fill unit (Quaternary gravels) near the town of Tumbaya. (f) Panoramic view towards the
east showingwell developed geomorphic surfaces along thewestern flanks of theTilcara ranges at successively lower
elevation.
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rived exclusively from source regions to the west. These sediments consist predominantly of angular to
subangular clasts of the Puncoviscana Formation, together with less abundant clasts from theMesón and
Salta groups. We thus interpret these strata to be proximal alluvial-fan deposits sourced from the Sierra
Alta. At several locations corresponding tomore distal sectors of the inferred alluvial fans, the fanglomer-
ates interfinger with well-stratified layers of pebble conglomerates, graded sands and unconsolidated silty
clay. The layers are characterized by lateral, east-west-oriented pinch-outs. By analogy with the present-
day depositional environment of the Río Grande and from the geometry of the pinch-outs, we infer that
the former fluvial system also drained southward. The youngest zircons from a trachy-dacitic ash deposit
in the upper part of a deformed succession 2 km north-west of Incahuasi yielded mid-Pleistocene ages
(1.06 ± 0.10Ma; n=2; 08HUM11; Fig. 3.5; Table A.1) we infer to represent a maximum depositional age.

The second unit in the Quaternary gravels comprises a group of grey alluvial-fan deposits and fluvial
conglomerates (Fig. 3.8e) that are widely distributed within the Humahuaca Basin, its tributary valleys
and in the basin outlet region to the north of Volcan village (Figs 3.2 and 3.9). These gravels typically
consist of approximately equal proportions of Proterozoic and Palaeozoic clasts with minor contribu-
tions fromCretaceous lithologies, representing the present-day exposure of rock types in the surrounding
source areas. The oldest conglomeratic fill in this unit forms an abandoned geomorphic surface to the east
of the town ofTilcara, which is up to 400m above the present-day baselevel and has an 40Ar/39Ar–biotite
age of ~800 ka, taken from a volcanic ash layer in the lower third of the section (Strecker et al., 2007a).

Other investigators have further differentiated these gravels and document at least one additional, sep-
arate fill unit at lower elevations, corresponding to a third basin-filling episode between 93.8 ± 7.9 and
65 ± 4 ka (Tchilinguirian & Pereyra, 2001; Robinson et al., 2005; Sancho et al., 2008). In the south of
Tilcara, this younger fill unit has been episodically downcut during the last ~65 ka, which has resulted in
fluvial terrace surfaces at successively lower elevations (Fig. 3.8f). In the tributary Quebrada de Purma-
marca in the south-west of the study area, even younger deposits, up to 250-m thick, constitute massive
basin fills that have been dated 47.6 ± 2.8 ka (using OSL, Robinson et al., 2005) and, although at the
limit of the dating method, at 49.55 ± 1.7 ka BP (23° 40.9’ S, 65° 34.5’ W; AMS 14C this study).

3.4.3 Structures

Three east-vergent, basement-involved fault systems define the structural framework of the Humahuaca
Basin: (a) the basin-bounding Purmamarca Thrust Fault to the west; (b) a set of thrust-and-reverse faults
within the Tilcara ranges to the east; and (c) the Tumbaya Fault in the basin centre, close to the Río
Grande (Fig. 3.9).

ThePurmamarcaThrust Fault juxtaposes Proterozoic basement of the SierraAlta overMeso-Cenozoic
sediments along the western basin margin and has developed a characteristic deformation pattern in the
overthrust lithologies, involving steep eastward dips, or overturned strata. Moreover,multiple splays have
developed from that fault extending into the basin, offsetting the Cenozoic strata (Figs 3.2 and 3.3). The
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Figure 3.9 – Simplified structural map of the location and strike of major fault systems responsible for the basin ge-
ometry. Indicated are (a) the Purmamarca Thrust Fault, (b) the Tilcara Thrust System and (c) the central Tumbaya
Fault. Solid thickwhite line represents thewatershed between the internally drained Puna Plateau and the presently
externally drained Eastern Cordillera; dashed lines delineate the Humahuaca Basin and adjacent sub-basins (Tres
Cruces and Cianzo basins); also shown is the location of the Zapla anticline east of San Salvador de Jujuy.

Sierra Alta belongs to a set of subparallel basement ranges that have been uplifted along bivergent thrust
and reverse faults. Apatite fission track thermal modelling suggests that exhumation of the eastern-most
ranges constituting the Sierra Alta began between 15 and 10Ma (Deeken et al., 2004).

Present-day elevations of the eastern basin-bounding Tilcara ranges are attributed to shortening,
crustal thickening and block rotation along multiple major east-verging thrust faults located within the
range (Rodríguez Fernández et al., 1999, Fig. 3.2). Because fault activity wasmainly restricted to areas east
of theHumahuaca Basin, the Proterozoic basement and overlying Palaeozoic toMesozoic strata along the
western flanks of the range were affected by westward tilting of this basement block.

At Molle Punco, near Tumbaya (Figs 3.2 and 3.9), Proterozoic rocks of the Puncoviscana Formation
are thrust over the Palaeozoic successions of the Mesón Group along the Tumbaya Fault. The Tumbaya
Fault can be traced into the northernHumahuacaBasin, intersecting the course of theRíoGrande repeat-
edly. In the southern Humahuaca Basin, this fault is responsible for an uplifted central range (Fig. 3.3a)
that causes the narrowing of the basin. The surface expression of the fault and associated basement expo-
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sure gradually decrease northward, but the fault location can still be inferred fromwest-dippingCenozoic
basin strata in its hanging wall.

The sedimentary strata and landforms in the southern Humahuaca Basin attest to protracted defor-
mation during the Plio-Pleistocene (see section below and Fig. 3.3c). The deformation includes thrusting
of Precambrian to Mesozoic rocks over the conglomerates of the Maimará Formation along the Purma-
marcaThrust Fault and associated folding, and the subsequent tilting of lateMiocene to Pleistocene basin
sediments in the hanging wall of the Tumbaya Fault until after 1Ma.

Shortening within the basin was further accommodated by a number of mesoscale structures, mostly
affecting the Maimará and Tilcara formations. Tight to open folding and the development of gener-
ally east-vergent and shallow-dipping thrust systems led to multiple stacked repetitions of the Miocene-
Pliocene strata within the basin (Fig. 3.3). These thrusts are often associated with the development of
drag folds, and shortening is in places accommodated by antithetic west-vergent faults. This pronounced
Plio-Pleistocene strain accommodation in the southernHumahuaca Basin is mainly observed in the west
of the Río Grande between the Purmamarca and Tumbaya faults.

3.4.4 Tectono-sedimentary relationships& deformation of basin sediments

TheMaimará Formation rests unconformably on deformed sandstones of the Palaeogene Lumbrera For-
mation (upper SaltaGroup) andProterozoic to Palaeozoic basement rocks. This unconformity andonlap
relationships between the Maimará Formation and the underlying, irregularly shaped basement surface
suggests deposition on palaeotopography that was sculpted into these rocks prior to ~6Ma. To date, no
evidence has been observed supporting an unconformable relationship between theMaimará Formation
and the intermontane Tilcara Formation. The Tilcara Formation is always cut by a marked regional un-
conformity that in many places has been subsequently altered and obscured by continued deformation,
erosion and deposition. Lateral correlationwith theUquía Formation in the northernHumahuaca Basin
suggests that deformation following the initial incisionoccurred after ~1.5Ma. Near theTumbayaFault at
Incahuasi (Figs 3.3a and 3.9), this deformed unconformity resembles fluvial erosion surfaces sculpted into
the Tilcara Formation that are tilted at ~20°- 30°W, parallel to bedding (Fig. 3.8c). These unconformable
relationships and the vestiges of an erosional palaeotopography in the Tertiary sedimentary rocks are well
preserved under a >1.06± 0.1Ma conglomeratic fill unit that dips 10°- 15°W.Basal remnants of this earlier
fill unit have a depositional age of about 0.8Ma.

A subsequent conglomerate unit (~94-65 ka at Tilcara and <50 ka near Purmamarca) filled palaeoto-
pography, covering the channel of the former trunk stream, which is now being re-excavated. This >200-
m thick fill unit terminates in a smooth terrace surface that is connected with the mountain fronts. At
Purmamarca, these gravels are generally not affected by fault displacement or other deformation. Near
Tilcara, however, a prominent thrust fault close to the eastern margin of the basin (Fig. 3.8a) juxtaposes
theMaimará Formationwith young terrace-forming sections of theQuaternary strata (Salfity et al., 1984;
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Marrett et al., 1994). Here, deformation resulted in vertical offsets between 15 and 20m, which trans-
lates into an average vertical displacement rate of 0.27 ± 0.04 mm/a during the last 65 kyr. Horizontal
displacements of ~40m (Sancho et al., 2008) suggest shortening rates of 0.62 ± 0.04mm/a. Although
these rates are only approximations, they emphasize the importance of protracted tectonic activity in the
Humahuaca Basin within the interior of the orogen, which is compatible with the characteristics of re-
gional shallow crustal seismicity (e.g., Bevis & Isacks, 1984; Cahill et al., 1992). It is noteworthy that this
youngest deformation followed a major phase of gradual basin evacuation.

3.5 Discussion

3.5.1 Foreland basin fragmentation& orographic barrier development

Crustal deformation corresponding to the region of the present-day interior of the Puna Plateau initiated
in Eocene to Oligocene time (e.g., Kraemer et al., 1999; Carrapa et al., 2005; Deeken et al., 2006; Hongn
et al., 2007; Letcher, 2007, Fig. 3.10). While individual ranges were uplifted, thick synorogenic strata
buried the region that now constitutes the Eastern Cordillera and adjacent regions to the east (Reynolds
et al., 2001; Deeken et al., 2006; Del Papa et al., 2013). Today, these sediments are only rarely preserved
in the uplifted Eastern Cordillera and the south-eastern flanks of the present-day Puna Plateau (Jordan
& Alonso, 1987; Bossi et al., 2001; Coutand et al., 2001; Kley et al., 2005; Mortimer et al., 2007) and
none appear to have been retained in the southern Humahuaca Basin. A regional exception is a ca. 6-km
thick succession of middle Eocene to Pliocene foreland and intermontane basin deposits in the Cianzo
Basin (Fig. 3.9), about 20 km east of the town of Humahuaca, where deformation and severed drainage
conditions have been documented at ca. 10Ma (Siks & Horton, 2011). Similarly, the Tres Cruces Basin
in the Puna (Fig. 3.9) to the west has retained thick Cenozoic deposits (e.g., Boll & Hernández, 1986;
Coutand et al., 2001). In both cases, major reverse faults enclosing the basins have helped to preserve the
Cenozoic sedimentary record. These regional relationships support the notion ofwidely distributed early
Tertiary sediments in the area of the Eastern Cordillera and regions farther east. Their general absence in
these high-elevation sectors of the orogen thus suggests their removal during regional exhumation in the
realm of the Eastern Cordillera at about 15-10Ma (Deeken et al., 2004, 2006; Coutand et al., 2006; Siks
&Horton, 2011).

The earliest synorogenic strata recognized in the southern Humahuaca Basin belong to the Maimará
Formation and were deposited on a palaeotopography of exposed Proterozoic and Palaeozoic basement.
DepositionofMaimará sediments after a prolongedperiodof exhumation anddeformation along the for-
mer orogenic flanks clearly documents that by ca. 6Ma (and possibly some time earlier), new topographic
conditions had evolved that would have promoted sedimentation in the study area. Our palaeocurrent
and provenance data including ignimbrite clasts from currently isolated areas in the Puna interior and
clasts from the Eastern Cordillera document that these sediments were sourced from the west. As the
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Figure 3.10 – Schematic cross section (~250 km) of the Andean margin in NWArgentina at about 23.5° S showing
times of pronounced Cenozoic deformation. (1) Letcher (2007); (2) Deeken et al. (2005); (3) A. Deeken personal
communication (2012); (4) Deeken et al. (2004); (5) Siks &Horton (2011); (6) this study; (7) Reynolds et al. (1994,
2000).

Humahuaca Basin and the Puna are not connected anymore, this observation confirms that thrusting in
the Sierra Alta had not completely interrupted eastward-draining rivers at about 6Ma and that the final
disruption of the fluvial network must have occurred later.

We do not record any sedimentary evidence for uplift of the Tilcara ranges at the time when the
Maimará Formation was deposited. This suggests that the Humahuaca Basin was part of an unrestricted
foreland, and that surface uplift of the eastern ranges started later, coupled with the deposition of the
Tilcara Formation. Alternatively, one could envision a scenario with an eastward-directed antecedent flu-
vial network that may have traversed the uplifting Tilcara ranges and transported sediment towards the
regions farther east. In both settings, more pronounced surface uplift in Plio-Pleistocene timewould have
ultimately forced the full establishment of intermontane basin conditions and the formation of an effi-
cient drainage divide, with rivers routing sediments towards the south. Although not documented in this
study, a lateral correlation between the Maimará Formation and the upper sections of the Orán Group
east of the ranges cannot be excluded. Sediments of the OránGroupmay yield additional information to
further elaborate these interpretations in future.

Nevertheless, Orán Group sediments exposed in the Zapla anticline to the south-east of the Tilcara
ranges (Fig. 3.9), record a major pulse in deformation prior to 5Ma (Reynolds et al., 1994, 2000; Kley &
Monaldi, 2002). This is consistent with our palaeocurrent data from the Tilcara Formation that record
a distinct early Pliocene changeover of fluvial transport towards a north-south-oriented drainage system,
which is also documented in the Uquía Formation of the central and northern Humahuaca Basin (Fig.
3.7). Based on the currently available data, we conclude that full intermontane basin conditions were
achieved during the deposition of the Tilcara Formation, but that an antecedent drainage system travers-
ing a proto-Tilcara range may have existed prior to that (Fig. 3.11).

Palaeo-environmental evidence from the Miocene-Pliocene palaeontological and sedimentary record
prior to pronounced uplift indicates that climatic conditions during that time were relatively humid.
While the Uquía Formation is well known for its fossil assemblage indicating subtropical to tropical
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warm, humid conditions (Alonso et al., 2006; Reguero et al., 2007; Reguero & Candela, 2008), ostra-
cods analysed in this study additionally attest to the existence of permanent freshwater bodies in the lower
Maimará Formation, clearly indicating that topography and relief conditions must have been subdued.
Calcic rhizoconcretions and nodules in the upper section of the Maimará Formation indicate regional
wet-dry seasonality, a characteristic, which is maintained in the overlying Tilcara and Uquía formations.
In stark contrast are the more arid conditions and the efficient orographic barrier to the east observed in
the Humahuaca Basin today. Stratigraphic relationships and inferred palaeoclimatic indicators suggest
that aridification may be a relatively young phenomenon, related to the uplift of the Tilcara ranges.

The timing of tectonic uplift and associated aridification appears to have been diachronous and basin-
specific throughout the southern Central Andes, and determined by the individual behaviour of the
basin-bounding faults. Although such environmental shifts are a hallmark of virtually all intermontane
basins along the eastern flank of the Puna Plateau and generally took place during the Pliocene (Bossi
et al., 2001; Kleinert & Strecker, 2001; Starck&Anzótegui, 2001; Coutand et al., 2006; Hain et al., 2011),
our observations demonstrate that in the Humahuaca Basin, the change to drier conditions probably
occurred as late as Plio-Pleistocene time.

3.5.2 Basin-fill evolution& deformation in the Humahuaca Basin

The abrupt change in palaeoflow directions during the deposition of the Tilcara Formation at ~4.2Ma
and the associated facies change from distal to rather proximal sources (upward coarsening; Figs 3.3 and
3.6) record the tectonically induced reorganization of east-flowing river networks that formerly traversed
the Tilcara ranges (Fig. 3.11). By analogy with neighbouring intermontane basins (e.g. the Toro and
Lerma basins), the strata of the Tilcara Formation are interpreted as heralding the attainment of an in-
termontane basin stage. At that time, deposition in the Humahuaca Basin must have taken place under
conditions of restricted fluvial connectivity with the foreland; otherwise, the deposition of over 250m
of sediment within the basin may not have been possible. Others have suggested that protracted internal
drainage (e.g., Sobel et al., 2003) or restricted external drainage (e.g.,Hilley&Strecker, 2005) appear to be
related to the combined effects of high uplift rates, exposure of resistant rocks and aridity. In this context,
the followingmechanisms forbasin aggradationbetween4.2 and~1.5Mamaybe envisioned: (1) increased
surface-uplift rates in theTilcara ranges, associatedwith activity along a reverse fault that obliquely crosses
the outlet region, and/or exposure of more resistant rock types reducing the fluvial transport efficiency
within the basin; and (2) a change in global and/or regional climatic conditions towards increased aridity,
reduced runoff and transport capacity.

Reduced runoff by increased aridity appears unlikely given the record of humid palaeoclimatic condi-
tions. Moreover, theTilcara Formation belongs to a groupof spatiallywidespreadMiocene-Pliocene con-
glomerates in NWArgentina commonly known as Punaschotter (Penck, 1920). These deposits are more
likely related to individual range uplifts, because their diachronous deposition in various intermontane
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Figure 3.11 – Conceptual model of foreland-basin fragmentation. (a) TheMaimará Formation is deposited into an
exposed basement palaeotopography in a largely continuous depositional system since ca. 6Ma. (b) Surface uplifts
to the east led to re-routing of the fluvial network and deposition of the Tilcara Formation into an intermontane
basin after 4.2Ma.

basins and foreland regions excludes a coeval sedimentary response to regional climate change (McPher-
son, 2008; Schoenbohm et al., 2008). As glaciation in the Central Andes has not been documented prior
to 3.5Ma (Clapperton, 2004) and subsequent glaciations have beenminor due to limited moisture avail-
ability (Haselton et al., 2002), it seems also unlikely that the style and deposition of the Tilcara conglom-
erates in theHumahuaca Basin results from glacial erosion at high elevation. Therefore, although a global
trend towards colder and drier climates since mid-Miocene (e.g., Zachos et al., 2001) may have favoured
basin isolation, it is unlikely to have initiated basin filling here at 4.2Ma. We therefore favour the first sce-
nario as themost likelymechanism for initializing partial hydrological isolation of theHumahuaca Basin,
which is consistent with the inferred tectonic forcing and severing of the fluvial system. The transition
towards coarser grain sizes with the onset of deposition of the Tilcara Formation is thus best explained
by erosion of more proximal sources in the uplifting Sierra Alta and Tilcara ranges.

Based on the depositional age estimates from the Tilcara and Uquía formations (i.e. ~4.2-1.5Ma) and
the unconformably overlying Quaternary gravel (<1.06 ± 0.10Ma), it appears that fluvial connectivity
with the foreland must have been re-established in the intervening time period. Although our data are
currently insufficient to resolve the processes that led to basin excavation, incision rates at the valley out-
let must have been sufficient to preserve external drainage, and sufficient transport capacity must have ex-
isted to allow sediment fromupstream to bypass the basinwhile large volumes of sedimentwere removed.
These processes, however, do not necessarily implymore availability ofmoisture in theHumahuaca Basin
itself, but may instead represent efficient headward erosion at the location of the valley outlet, where cur-
rent precipitation rates abruptly decline upstream towards theHumahuaca Basin (Strecker et al., 2007a).

Although later surface processes have often altered the unconformity in the Tilcara Formation, pre-
served vestiges of deformed erosion surfaces suggest that fluvial incision predated an episode of deforma-
tion in the basin. These events were followed by a prolonged phase of restricted hydrological connectivity
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with the foreland associated with basin filling of up to 400-m thick fluvial and alluvial gravel between
>1.06 and <0.8Ma. Whether this filling episode was linked to tectonically induced basin isolation farther
downstream, regional uplift of the Tilcara ranges or the result of climatic forcing remains uncertain. It is,
however, conceivable that the ongoing surface uplift of the Tilcara ranges exceeded a regional threshold
elevation to form an efficient orographic barrier to cause basin-wide semi-arid conditions (i.e. reduced
runoff and transport capacities) as observed today.

These 400-m thick gravels were largely removed from the basin during basin excavation, followed by
the deposition of a second major fill, which reached a thickness of approximately 250m between at least
about 94 and 65 ka in the Humahuaca Basin (Robinson et al., 2005; Sancho et al., 2008) and until after
~50 ka in the tributaryQuebrada de Purmamarca (this study). This fill unit and all previous deposits now
form the substrate for gravel-covered pediments andmultiple fluvial terraces that have been sculpted into
these deposits. These terrace systems were formed at successively lower elevations (Fig. 3.8f), indicating
renewed incision thatmay record recent reductions in channel gradients and/or changes in local baselevel
with respect to the Andean foreland. These periods of sediment removal are episodic and have occurred
some time between 65 and 50 ka and the present day. Faulting that has affected these deposits is an ex-
pression of renewed deformation within the basin during, or shortly after an episode of extensive basin
excavation in the Pleistocene (Fig. 3.8a).

Although the last basin-fill episode in theHumahuacaBasin coincides to some extentwithmorehumid
phases documented in the Altiplano-Puna Plateau (e.g., Bobst et al., 2001; Placzek et al., 2006), a direct
correlation cannot be observed. Due to limited age control on the younger Quaternary deposits and
landforms in the Humahuaca Basin, we cannot entirely exclude such a possible correlation. However,
aggradation during humid phases requires that sediment generation from hillslopes must increase with
precipitation more rapidly than the increase in the transport capacity of rivers that would result from
enhanced discharge in rivers during this time.

Interestingly, our observations point towards a systematic behaviour among erosion, deposition and
tectonic processes in the Humahuaca Basin, an intriguing relationship that can also be found in other
intermontane basins of the NW Argentine Andes (Strecker et al., 1989; Hilley & Strecker, 2005). Ac-
cording to these observations, basin-internal/out-of-sequence deformation occurs during or following
episodes of enhanced basin excavation. This is documented at least three times in the stratigraphic record
of the southern Humahuaca Basin. First, after ~1.5Ma, the Tilcara Formation was partly removed from
the basin followed by major out-of-sequence thrusting along the basin-internal Tumbaya Fault. Here,
deformation ceased prior to 1Ma, which is documented by the onlap of ~1-Myr old gravels. Second, de-
formed remnants of these gravels, which lack evidence of syntectonic deposition, might also indicate that
deformation occurred in association with the removal of the strata. Third, renewed, but locally limited
deformation of young river terraces near Tilcara is observed right after the removal of the youngest Qua-
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ternary gravels. Although this phenomenon and the associated mechanisms will require more detailed
studies in the future, it is conceivable that the removal of basin fills and the resulting reduction in litho-
static stresses on formerly locked thrust and reverse faults could ultimately result in the reactivation of
these faults.

3.5.3 Regional context of foreland fragmentation& basin-fill evolution

Many intermontane basins along the Puna margin record the partial or complete loss of fluvial connec-
tivity with the foreland through the presence of thick conglomeratic fills (Strecker et al., 2007a). Peri-
odic reconnection to the foreland is documented bymarked fluvial incision and excavation of these basin
fills, reflected in distinct regional unconformities and complex onlap relationships. Virtually all basins in
the northern Sierras Pampeanas, the Santa Bárbara System and the Eastern Cordillera of north-western
Argentina exhibit similar, but diachronous, patterns of basin-fill and erosion throughout their history
(reviewed in Strecker et al., 2007a, 2009). The unifying characteristic in the history of these basins is that
following the reorganization of fluvial systems by surface uplift, the establishment of orographic barri-
ers results in progressive aridification, interrupted drainages and reduced fluvial transport capacity (Sobel
et al., 2003). While the basins in the arid interior of the orogen (the Puna Plateau) havemaintained inter-
nal drainage systems, resulting in thick sediment accumulations (Alonso et al., 1991; Vandervoort et al.,
1995), the intermontane basins along the eastern flank have alternated between restricted external and
transient internal drainages, and fully integrated fluvial systems connected with the foreland.

At present, virtually all of the intermontane basins to the east of the Puna are hydrologically connected
to the foreland, often via narrow, deeply incised bedrock gorges (Fig. 3.1). For example, the Toro Basin
at 24.5° S was cut off from the foreland between 8 and 6Ma and has subsequently experienced at least
two cycles of basin filling and excavation (Marrett & Strecker, 2000; Hilley & Strecker, 2005). Simi-
larly, between 5.2 and 2.4Ma, the uplift of an orographic barrier to the east of the present-day Calchaquí
Valley at ~25.5° S caused aridification associated with deposition of the conglomeratic San Felipe For-
mation, which was subsequently incised, deformed and finally overlain by another conglomeratic gravel
after 2.4Ma (Coutand et al., 2006). After renewed sediment removal, a subsequent gravel unit with com-
plex onlap relationships was deposited that once formed a continuous surface of coalesced alluvial fans
and river gravel. River superposition, incision and removal of most of the gravels in the lower Calchaquí
Basin document the on going erosion of this unit (Coutand et al., 2006; Strecker et al., 2007a). The Santa
María Basin at ~26.5° S is a result of foreland compartmentalization related to basement uplift to the east
that occurred after 6Ma (Kleinert& Strecker, 2001; Bossi et al., 2001; Sobel& Strecker, 2003), whichwas
followed by aridification, severed fluvial connection to the foreland, deformation, erosion and finally, the
deposition of thick conglomerates after 2.9Ma (Strecker et al., 1989). These units were subsequently in-
cised, as documented by successively lower pediments and fluvial terraces. Further examples of this type
of basin development are provided by the El Cajón and Fiambalá basins, at 27° S and 27.5° S, respectively
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(Mortimer et al., 2007; Carrapa et al., 2008), emphasizing the similarities between the processes and de-
positional facies that control the evolution of intermontane basins within this environment.

We suggest that the tectono-sedimentary history of the Humahuaca Basin and other intermontane
basins inNWArgentina canbebest explained through a thresholdprocess described in Sobel et al. (2003),
inwhich active uplift of downstream topographic barriers steepens the channels that traverse these ranges,
while aggradation upstreammust keep pace with the associated uplift of the channel. As rates of rock up-
lift increase relative to the transport efficiency (related to precipitation) and bedrock erodibility, internal
drainage is favoured. Conversely, low rates of rock uplift in the downstream basement ranges, a high level
of erodibility of exposed rock types and pronounced rainfall gradients all promote incision, headward
erosion and basin capture. All of these processes ultimately contribute to sustaining fluvial connectivity
with the foreland. This, however, is only possible if the narrow outlets of the arid basins are in close prox-
imity to steep rainfall and run-off gradients or if the structural setting is conducive to funnelling moist
air into the orogen interior during protracted moist episodes. In turn, this condition would increase pre-
cipitation, run-off and erosion, which would ultimately help to achieve or re-establish external drainage
conditions. Indeed, on the basis of our chronology, observations and interpretations, we are able to show
that the intermontane Humahuaca Basin is the result of progressive rock uplift and associated surface
processes in the Eastern Cordillera that commenced at 15-10Ma and subsequently led to deposition of
the Maimará Formation at about 6Ma. The largely continuous depositional system finally became dis-
membered after 4.2Ma when topography of the Tilcara ranges deflected the fluvial network into range-
parallel drainage. Until about 1.5Ma, the basin was characterized by restricted fluvial conditions most
likely related to ongoing regional uplifts. Afterwards, the basin was rapidly excavated and internally de-
formed. The ensuing regional palaeotopography in thebasinwas subsequently refilledbetween>1.06 and
<0.8Ma. The reason for the initial excavation is not known, but this could have been related to headward
erosion and fluvial connectivity, followed by re-established hydrological isolation. The resulting basin fill,
then, was largely removed, deformed and replaced by a younger fill that periodically has been excavated
some time after ~65 and 50 ka. Excavation, again, seems to have been accompanied by basin-internal de-
formation, recorded by offset fluvial terraces near Tilcara, while currently the basin is aggrading (Rivelli
& Flores, 2009).

3.6 Summary& conlusions

In this study, we have combined new provenance and palaeocurrent data from the sedimentary record
of the intermontane Humahuaca Basin of the Eastern Cordillera of the southern Central Andes with 12
new 206Pb/238U zircon age estimates from intercalated volcanic ash deposits to assess its spatiotemporal
evolution. This enabled us to improve our understanding of the neotectonic basin and landscape evolu-
tion of an intermontane setting in the immediate vicinity of the intra-orogenic Puna Plateau, the world’s
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second largest plateau, and an important barrier to atmospheric circulation and surface-process regimes.
We suggest that the coupled tectonic, erosion and sedimentary processes and associated landscape devel-
opment in theHumahuaca Basin reflect an environmentwhose evolution is relevant for the assessment of
intermontane basins worldwide, including the North American Laramide province, and the Tien Shan
and Qilian Shan basement uplifts in Asia. From our analysis, we draw the following conclusions:

(1) In comparison with the previously developed chronostratigraphy for the Humahuaca Basin, our
new U–Pb zircon dates extend the lower boundary of the Maimará Formation into late Miocene, older
than 5.92 ± 0.12Ma, confirms existing ages from the northern basin, and reveals Quaternary fills as old
as ~1Ma.

(2) On the basis of provenance, lithology and spatial distribution, we introduced a new stratigraphic
unit, the Tilcara Formation, in the southern Humahuaca Basin that is apparently coeval with the radio-
metrically and palaeontologically constrained Uquía Formation from the central and northern sectors of
the basin. The Tilcara Formation highlights the different depositional environments and source areas
between the southern and northern parts of the basin.

(3) The sedimentary units in the Humahuaca Basin record a transition between a partially segmented
foreland basin and a fault-bounded intermontane basin in the course of surface uplift to the east. This
resulted in a change in fluvial connectivity and the re-arrangement of the formerly eastward-draining river
network into an axial, south-directed drainage after ~4.2Ma.

(4) Repeated hydrological disconnection from the foreland due to tectonism and ensuing aridification
in the lee of rising topography repeatedly resulted in restricted fluvial connectivity and possibly transient
fluvial isolation and accumulation of at least three basin-fill units during Plio-Pleistocene times. After
episodic re-capture, these fills were partially evacuated by fluvial incision. This is similar to other inter-
montane basins along the eastern flank of the Puna where surface uplift resulted in the tectonic defeat of
fluvial networks, hydrological isolation and basin aggradation, until renewed river incision exceeded rock
uplift at tectonically active basin outlets.

(5) We furthermore observed that major deformation events in the Humahuaca Basin apparently fol-
lowed aphase of enhanced removal of basin-fill units, a scenario that has beenobserved in other intermon-
tane basins of NW Argentina. We speculate that this behaviour is related to the reduction in lithostatic
stresses acting on subsurface structures during major phases of basin excavation.

Supporting information

A summary of U–Pb zircon analytical data of volcanic ash samples in the Humahuaca Basin using
CAMECA IMS 1270 ion microprobe at UCLA can be found in the appendix (see Appendix A).
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Abstract
Sedimentary basin fills along the windward flanks of orogenic plateaus are valuable archives of paleoenvironmental
change with the potential to resolve the history of surface uplift and orographic barrier formation. The
intermontane basins of the southern Central Andes contain thick successions of sedimentary material that are
commonly interbedded with datable volcanic ashes. We relate variations in the hydrogen isotopic composition of
hydrated volcanic glass (δDg) of Neogene to Quaternary fills in the semiarid intermontane Humahuaca Basin
(Eastern Cordillera, northwest Argentina) to spatiotemporal changes in topography and associated orographic
effects. δD values from volcanic glass in the basin strata (-117h to -98h) show two main trends that accompany
observed tectono-sedimentary events in the study area. Between 6.0 and 3.5Ma, δDg values decrease by ~17h;
this is associated with surface uplift in the catchment area. After 3.5Ma, δDg values show abrupt deuterium
enrichment, which we associate with (1) the attainment of threshold elevations for blocking moisture transport in
the basin-bounding ranges to the east, and (2) the onset of semiarid conditions in the basin. Such orographic
barriers throughout the eastern flanks of the Central Andes have impeded moisture transport into the orogen
interior; this has likely helped maintain aridity and internal drainage conditions on the adjacent Andean Plateau.

*published in Geology (2014) vol. 42, no. 8, p. 691–694, doi: 10.1130/G35538.1
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4.1 Introduction

Over the past decades, reconstructions of surface uplift of the world’s orogenic plateaus have played a
pivotal role in assessing the relative importance ofmantle dynamics and crustal and/or lithospheric short-
ening and thickening in shaping the topography of our planet (e.g., Allmendinger et al., 1997; Garzione
et al., 2006). However, deconvolvinghow the complex interactions among surface uplift, atmospheric cir-
culation, and orographic rainfall affect paleoaltimetric reconstructions remains a key challenge for many
approaches, including stable isotope studies, which have been among the most prominent methods ap-
plied in the Central Andes (Garzione et al., 2006, 2008; Quade et al., 2007). One promising method
to help disentangle the complex tectono-climatic relationships is to focus on the surface-elevation his-
tory of plateau bounding margins, because it is challenging to deduce the relative roles of surface uplift
and changes in atmospheric patterns from orogen interior stable isotope records alone (e.g., Mulch et al.,
2010).

The Andean Altiplano-Puna Plateau is the second largest Cenozoic orogenic plateau on Earth, with
an average altitude of 3.7 km, low internal relief, high and deeply incised flanks, and pronounced climatic
gradients across the orogen (Fig. 4.1; Isacks, 1988). The eastern, windwardmargin of the plateau has high
precipitation and denudation rates that are in contrast to the semiarid to arid conditions and low denuda-
tion rates in the orogen interior and along the western plateau margin (Rech et al., 2006; Bookhagen &
Strecker, 2008, 2012). Despite extensive stable isotope studies, the timing and style of uplift of theAndean
Plateau and its easternmargin (Eastern Cordillera) remain controversial (e.g., Garzione et al., 2006, 2008;
Ehlers & Poulsen, 2009; Mulch et al., 2010). However, knowledge of the spatiotemporal development
of topography along the eastern Andean flanks is crucial to understand changes in precipitation charac-
teristics over time as well as associated changes in erosion rates and the depositional style of basin fills. In
northwestern Argentina and southern Bolivia, the timing of uplift and exhumation has been inferred us-
ing low-temperature thermochronology (e.g., Deeken et al., 2006), paleoenvironmental and provenance
data obtained from basin fills (e.g., Starck & Anzótegui, 2001; Pingel et al., 2013) or oxygen (δ18O) and
carbon (δ13C) isotope data from calcic paleosols (e.g., Mulch et al., 2010). Often, however, precise timing
of these events and their regional correlation has been limited by poor chronological constraints.

Here we evaluate topographic growth along the plateau margin using hydrogen isotope ratios of hy-
drated volcanic glass (δDg) from the intermontane Humahuaca Basin in northwestern Argentina (Fig.
4.1). The basin’s deformed strata lack continuous sedimentary sections, but they contain abundant dat-
able volcanic ash horizons that provide high-resolution chronologic constraints. We report δDg values on
17 glass samples from dated volcanic ashes (Fig. 4.2; Table C.1) to provide insights into patterns of range
uplift and the associated evolution of paleoenvironmental conditions in the southern Central Andes.
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Figure 4.1 – (a) Morphotectonic map of southern Central Andes showing mean annual rainfall derived from Na-
tional Aeronautics and Space Administration Tropical Rainfall MeasurementMission (after Strecker et al., 2007a)
andmainmoisture transport (white arrow) to the study area (black box). EC–EasternCordillera, SFTB–Subandean
fold-thrust belt; SBS–Santa Bárbara System. (b) Digital elevation model with sample locations of volcanic ashes
(white) and modern water (black) in Humahuaca catchment (dashed line).

4.2 Geological setting

TheHumahuaca Basin is located between 23° S and 24° S in the Eastern Cordillera (Fig. 4.1). To the west,
the Sierra Alta ranges separate the basin from the arid, high-elevationAndean Plateau, and to the east, the
Tilcara ranges delineate the boundary with the humid sectors of the broken foreland (Santa Bárbara Sys-
tem, Figs. 4.1 and 4.2c). Thermochronologic and sedimentologic evidence shows that widely distributed
deformation within the area that now constitutes the plateau and its present-day eastern margin started
in Eocene-Oligocene time (e.g., Deeken et al., 2006; Hongn et al., 2007). During the Miocene-Pliocene,
deformation was focused on the Eastern Cordillera and Santa Bárbara System, where the formerly con-
tiguous Andean foreland was compartmentalized (e.g., Deeken et al., 2006). While apatite fission-track
thermochronology reveals that the Sierra Alta was exhumed rapidly beginning ca. 15-10Ma (Deeken
et al., 2005), Pliocene drainage reorganization within the Humahuaca Basin suggests surface uplift in
the Tilcara ranges and foreland fragmentation by ca. 4.2Ma (Pingel et al., 2013).

The Humahuaca Basin exposes late Miocene-Pliocene sandstones and conglomerates of the Maimará
Formation,whichunconformably overlie older units. Puna-derived ignimbrite clasts andpaleocurrent di-
rections both indicate fluvial connectivity between the orogen interior and the foreland across the present-
day basin-bounding ranges (Fig. 4.2b; Pingel et al., 2013). Interbedded freshwater deposits suggest gen-
erally humid conditions at that time (Pingel et al., 2013). While in the south these sedimentary rocks
are overlain by the conglomeratic Tilcara Formation (4.2-1.5 Ma; Pingel et al., 2013), the northern part
of the basin is characterized by sandstones of the fossiliferous Uquía Formation (3.5-1.5 Ma; Reguero
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et al., 2007). Mammal fossil assemblages in the Uquía Formation suggest more humid conditions until
ca. 2.5Ma (Reguero et al., 2007). Axial north-south drainage conditions and the absence of ignimbrite
clasts document that the basin-bounding ranges on either side of the basin had attained sufficient ele-
vation to interrupt fluvial connectivity between the plateau, the basin, and the foreland by ca. 4.2Ma
(Pingel et al., 2013). The entire Tertiary sequence is deformed, eroded, and unconformably overlain by
multiple generations of thick Quaternary fill units that were episodically deposited and subsequently
partly eroded, as a consequence of fluctuations in tectonic activity, climate, and associated local drainage
conditions (Strecker et al., 2007a; Pingel et al., 2013).

4.3 Stable isotope paleoaltimetry& hydrogen-isotope analysis

Stable isotope paleoaltimetry benefits from a systematic relationship between δ18O and δD of meteoric
water and elevation (e.g., Dansgaard, 1964). Various terrestrial materials incorporate meteoric water by
mineral-specific isotope fractionation, preserving a signal of the original isotopic composition ofmeteoric
water. In continental settings, rhyolitic glass may incorporate large amounts ofmeteoric water (3-8 wt%),
saturating ~5-10 k.y. after deposition (Friedman et al., 1993a; Mulch et al., 2008; Dettinger, 2013; Cassel
et al., 2012). This hydration process occurs systematically, whereby the final δDg represents an integrated
signal of themeteoricwater present duringhydration that is preservedover geological time scales, allowing
for reconstructions of paleoenvironmental conditions (Friedman et al., 1993a; Mulch et al., 2008; Det-
tinger, 2013; Cassel et al., 2012) and to examine feedbacks between tectonic processes and climate (this
study).

We analyzed 17 volcanic glass samples from ash beds in late Miocene to Pleistocene sediments of the
Humahuaca Basin, from elevations between 2,350m and 2,900m (Fig. 4.1; Table C.1). Our age model
relies on new 40Ar/39Ar biotite ages, stratigraphic correlation (Fig. B.1), and previously obtained radio-
metric ages. To compare ancient δDg with modern meteoric waters, we converted δD of 6 stream wa-
ters from elevations between 2,530m and 2,930m into glass-hydrogen isotopic composition (Table C.3;
Friedman et al., 1993a). All isotope measurements were performed at the Joint BiK-F-Goethe University
Stable Isotope Facility, Frankfurt. All isotopic ratios are reported relative to V-SMOW. For more details
see appendices B, C and D.

4.4 Results

The δDg values of all samples range between -98h and -117h (Fig. 4.2a; Table C.1), except for one
sample (08HUM03) with an anomalously high δDg value (-83h), which was excluded from further
interpretation. δDg values form two distinct trends: (1) from 6.0 to 3.5Ma, average δDg values decrease
by 17h, showing high variability, and (2) after 3.5Ma, δDg values are significantly higher (-105h to -
100h) and relatively stable over time. Present-day streamwater δD values would be in equilibriumwith
an average δDgc value of -94h (Fig. 4.2a; Table C.3; for details see Appendix C).
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4.5 Orographic barrier formation& plateau expansion

There are various potential causes for changes in δD.
1. Although δD of meteoric water is largely coupled to air temperatures during condensation and

rainfall, global climate reconstructions shownomajor cooling trends (e.g., Zachos et al., 2001) that would
explain the initial decrease in δDg values.

2. An alternative way to lower regional temperatures, and therefore δDvalues, is to increase elevations,
which undoubtedly occurred over the past 6m.y. (Pingel et al., 2013). The surface uplift that could ex-
plain the initial decrease in δDg can be quantified. However, various assumptions, combined with large
uncertainties, may render these estimates insignificant (see the Appendix C).

3. Another possibility is that changing water-vapor sources influenced δD in precipitation. The
present-day moisture sources in northwestern Argentina are the Atlantic Ocean and the Amazon Basin
(Vera et al., 2006a). A shift from the only other potential source in the past (southeast Pacific Ocean) to
present-day conditions may have been related to mountain building to the west and likely occurred prior
to 10Ma (reviewed in Insel et al., 2012b). It is therefore unlikely that the moisture source for this sector
of the Andes has changed significantly since the late Miocene.

4. The isotopic signature of hydrated glass may be altered by burial heat (Dettinger, 2013); this is an
unlikely scenario because the sediment thickness in the study area barely exceeds 1 km.

5. Rainfall amountnegatively correlateswithδDandδ18Oofprecipitationduring rainout (Dansgaard,
1964), which becomes relevant when threshold elevations along uplifting mountain ranges are attained
(Insel et al., 2012b). Because the Sierra Alta underwent deformation by ca. 15-10Ma, it is likely that the
initial decrease in δDg is in part related to this amount effect.

6. In arid climates D-enriched δD values in hydration water may result from enhanced evaporation
either during subcloud evaporation or soil-water formation (Quade et al., 2007). Our data show a rapid
increase in δDg after ca. 3.5-2.6Ma (Fig. 4.2a) that occurs ~0.7-1.6m.y. after the inferred onset of surface
uplift in the present-day Tilcara ranges by 4.2Ma (Pingel et al., 2013). We suggest that between ca. 3.5
and 2.6Ma, the Tilcara ranges developed sufficient elevation to force enhanced precipitation along their
eastern flanks, which subsequently led to increasingly dry leeward conditions.

In contrast, our modern water isotope data do not show signs of evaporation (Fig. C.2). However,
considering that those samples were collected late in the rainy season (March), we do not expect a strong
evaporation signal because evaporation and deuterium enrichment are commonly observed during the
dry season (Fig. C.5). Thismay also explainwhy our δDgc values ofmodernwater (-94h) are higher than
those of Pleistocene glass (-104h; Fig. 4.2a), andhighlight challengeswhen comparing stable isotope data
fromdifferent episodes in the past overwhich isotopic signals are integrated. Another explanation for this
deviation may be related to inherent uncertainties in the empirical glass-fractionation equation, which,
in northwestern Argentina, may result in precisions of ±20h (Dettinger, 2013).
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Figure 4.2 – (a) δD of volcanic glass (blue circles) and mean modern water (purple square) converted to glass com-
position (Friedman et al., 1993a). Red line depicts mean trend between 6.0-3.5Ma. VSMOW-Vienna standard
mean ocean water. (b) Generalized stratigraphy with selected ash layers and age estimates (in Ma; Qt-Quaternary
gravels) and paleocurrent estimates from each stratigraphic unit. (c) Paleoclimate estimates and uplift history as
documented by Pingel et al. (2013). S.–Sierra. (d) Conceptual model of basin-and-range development, showing
drainage reorganization and shift in orographic rainfall.

Observed trends in our data and the broad synchronicity of isotopic change with tectono-sedimentary
events in the Humahuaca Basin and the adjacent ranges suggest that changes in isotopic composition
are related to topographic growth in the basin catchment. It is intriguing that the temporal discrepancy
between initial surface uplift and drainage reorganization recorded in the basin sediments and the iso-
topic response is likely related to the attainment of threshold elevations in the Tilcara ranges by 4.2Ma;
currently high enough (4-5 km) to intercept easterly moisture-bearing winds and to cause semiarid con-
ditions in the Humahuaca Basin.

These observations have critical implications for the climatic and sedimentary development of theCen-
tral Andes and orogenic plateaumargins elsewhere. Synchronous with initial surface uplift in the Tilcara
ranges at 4.2Ma, the Sierra Alta gained sufficient elevation to trap sediment sourced in the plateau inte-
rior (expansion of the internally drained area; Fig. 4.2d; Pingel et al., 2013). Moreover, ongoing uplift
of the Sierra Alta and the attainment of critical elevations of the Tilcara ranges between 3.5 and 2.6Ma,
associated with increased hinterland aridification and low erosion rates in the lee of the Sierra Alta (e.g.,
Bookhagen & Strecker, 2012), must have helped to sustain internal drainage conditions on the plateau.
Similar observations from other intermontane basins along the Andean plateau margin (e.g., Strecker
et al., 2009) support the notion that generally eastward-migrating range uplift forces orographic precipi-
tation toward foreland areas, while the orogen interior increasingly aridifies. In addition, oscillating sed-
imentary filling and excavation episodes in these marginal basins may have buffered the overall tendency
of the fluvial system to incise into the plateau.
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Our findings suggest that the efficiency of orographic barriers strongly depends on the development
of threshold elevations at which changes in precipitation impact stream power, erosion, and sedimenta-
tion due to reducedmoisture supply into the orogen interior. As a consequence, such internally-drained,
moisture-starved regions are likely to trap large volumes of sediments (e.g., Sobel et al., 2003), ultimately
forming extensive low-relief plateaus that may expand as crustal deformation and range uplift propagate
outward. Similar positive feedbacks between tectonics and climate may contribute to lateral plateau ex-
pansion in the Chinese Qilian Shan or the northern Anatolian plateau.

4.6 Conclusions

We observe a systematic relation between tectono-sedimentary events in the Humahuaca Basin and δD
of volcanic glass contained in the sedimentary basin fill. Specifically, the initial decrease in δDg can be
related to topographic growth, while hydrogen isotope ratios after ca. 3.5-2.6Ma likely reflect aridifica-
tion by orographic barrier formation to the east. These results highlight the potential for isotopic studies
of hydrated glass to decipher the history of topography in the Central Andes and other tectonically and
volcanically active regions, particularly when threshold elevations for orographic rainfall are attained. We
show that in a generally eastward-migrating deformation regime in the southern Central Andes, oro-
graphic barriers in the Eastern Cordillera may help maintain internal drainage on the plateau, and that
these processes may ultimately favor lateral plateau growth.

Supporting information

Stratigraphic correlation, Methodology, paleoaltimetry estimates, and data tables of hydrogen stable iso-
tope analyses of volcanic glass and modern stream water samples and 40Ar/39Ar dating (see Appendix B,
C and D).
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Abstract
The northwest Argentine Andes constitute a premier natural laboratory to assess the complex interactions
between isolated uplifts, orographic precipitation gradients, and related erosion and sedimentation patterns. Here
we present new stratigraphic observations and age information from intermontane basin sediments to elucidate
the Neogene to Quaternary shortening history and associated sediment dynamics of the broken Salta foreland.
This part of the Andean orogen, which comprises an array of basement-cored range uplifts, is located at ~25° S and
lies to the east of the arid intraorogenic Altiplano/Puna plateau. In the Salta foreland, spatially and temporally
disparate range uplift along steeply dipping inherited faults has resulted in foreland compartmentalization with
steep basin-to-basin precipitation gradients. Sediment architecture and facies associations record a three-phase
(~10, ~5, and <2Ma), east directed, yet unsystematic evolution of shortening, foreland fragmentation, and
ensuing changes in precipitation and sediment transport. The provenance signatures of these deposits reflect the
trapping of sediments in the intermontane basins of the Andean hinterland, as well as the evolution of a severed
fluvial network. Present-day moisture supply to the hinterland is determined by range relief and basin elevation.
The conspiring effects of range uplift and low rainfall help the entrapment and long-term storage of sediments,
ultimately raising basin elevation in the hinterland, which may amplify aridification in the orogen interior.

*published in Tectonics (2011) vol. 30, TC2006, doi: 10.1029/2010TC002703
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5.1 Introduction

Broken forelands are an integral part ofmany orogens. For example, today such systems characterize parts
of the ColombianAndes (e.g.,Mora et al., 2006, 2009; Parra et al., 2009a,b), the Tian Shan (e.g., Sobel &
Dumitru, 1997; Sobel et al., 2003), the Qilian Shan (e.g., Tapponnier et al., 1990), and the Salta foreland
of northwest Argentina (e.g., Allmendinger et al., 1983, this study, Fig. 5.1). The geologic record holds
more examples, including the Cretaceous-Eocene Laramide province of North America (e.g., Jordan &
Allmendinger, 1986; Talling et al., 1995; Marshak et al., 2000; Davis et al., 2009; Ernst, 2010) and the
PaleozoicAlice Springs broken foreland inAustralia (Haines et al., 2001). In these environments, patterns
of deformation, sediment routing and accumulation are different from thin-skinned foreland fold-and-
thrust belts (e.g., DeCelles & Giles, 1996) and may be characterized by highly disparate spatiotemporal
patterns of deformation and sedimentation (e.g., Strecker et al., 2011, Fig. 5.1).

Over recent years a conceptual framework for the interactions between tectonic forcing, climatic condi-
tions and sediment dynamics in broken forelands has been proposed (Sobel et al., 2003; Sobel& Strecker,
2003; Hilley & Strecker, 2005; Strecker et al., 2007a, 2009, 2011). In summary, these models posit that
reactivation of basement anisotropies and spatiotemporally disparate patterns of range uplifts lead to the
formation of highly localized depocenters thatmay experience aridificationwhen the frontal ranges attain
laterally continuous threshold topography, which is able to blockmoisture-bearingwinds. Ensuing basin-
scale sediment storagewithin the intermontane basins is driven by tectonic fragmentation of the drainage
system andmay be enhanced by orographic shielding, which reduces precipitation, discharge, river trans-
port capacity, and ultimately river incision rates in the hinterland. Accordingly, sediment provenance in
the deposits of the foreland should change drastically when range uplift severs drainage conditions and
traps sediment in the hinterland. In this study we evaluate this prediction by providing an account of
the facies, provenance signatures, and distribution of syntectonic deposits of the broken Salta foreland of
northwestern Argentina at approximately 25° S (Fig. 5.1).

Despite great interest in the interaction between tectonics, climate and sediment dynamics, the age of
uplift of many ranges that presently compartmentalize the Salta foreland is unknown, especially in the
eastern sector (cf. Reynolds et al., 2000). The deformation history is only adequately resolved in the arid,
well exposed western sector of the foreland, along the eastern flanks of the Puna Plateau (Salfity et al.,
2004; Deeken et al., 2006; Coutand et al., 2006; Hongn et al., 2007;Mortimer et al., 2007; Carrapa et al.,
2008; Carrera &Muñoz, 2008; Bosio et al., 2009; Bywater-Reyes et al., 2010).

Our study specifically examines the heavily vegetated eastern sector of the Salta foreland whereby we
are trying to resolve the following questions: Whenwas the foreland compartmentalized by range uplifts?
Howdiddeformationmodify sedimentdynamics? Was sediment transiently trapped in the intermontane
basins or exported from the orogen? To answer these questions we first present a detailed introduction
to the basement lithologies and the stratigraphic record of the region, which forms the foundation for
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Figure 5.1 – (a) Overview of the morphotectonic domains of the central Andes and schematic representation of (b)
the thin-skinned Subandean foreland fold-and-thrust belt (modified after DeCelles &Giles, 1996, with permission
of JohnWiley) and (c) the thick-skinned broken foreland system farther to the south (modified after Strecker et al.,
2011, with permission of Blackwell). Dashed line at 25.5° S represents the transition in tectonic style of the retroarc
foreland of the southern central Andes.

the synthesis we are attempting to accomplish. Second, we present an account of tectonostratigraphic re-
lationships of late Mio-Pliocene and Quaternary strata. Third, changes of the conglomerate provenance
signatures and facies pertaining to three syntectonic formations allow to distinguish between sediment ex-
port from the orogen versus sediment trapping in the hinterland. Fourth, we undertake a detailed analysis
of present-day geomorphic and climatological conditions. Overall, our observations agree well with and
add detail to themodel outlined above. Importantly, wewill use observations to illustrate (1) that efficient
intermontane sediment trapping does not require internal drainage conditions and (2) that intermontane
sediment storage may modify precipitation patterns by raising basin elevation in the hinterland.

5.2 Geologic setting

The study area is situated at ~25° S, between the arid, internally drained orogenic Puna Plateau in the
west and the undeformed Chaco Plain foreland basin in the east. Specifically, this region comprises the
southern sectors of the Eastern Cordillera (EC), the Santa Bárbara System (SBS), and the Sierras Pam-
peanas morphotectonic provinces (Figs 5.1 and 5.2b); here, we refer to the study area as a whole as the
Salta foreland. At this latitude the Andean orogenwas, until themiddleMiocene, bordered by a contigu-
ous foreland basin (e.g., Coutand et al., 2001; Hernández et al., 2005; Carrapa et al., 2008; Bosio et al.,
2009). Since that time, contractile inversion of the Cretaceous Salta Rift (e.g., Baldis et al., 1976; Rolleri,
1976; Bianucci&Homovc, 1982; Salfity, 1982; Allmendinger et al., 1983;Marquillas& Salfity, 1988;Grier
et al., 1991; Mon& Salfity, 1995; Viramonte et al., 1999; Kley &Monaldi, 2002; Kley et al., 2005; Carrera
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Figure 5.2 – (a) Simplified geologic map (after Salfity et al., 1998). Note that the Ovejeria andMetán ranges expose
hornblende-bearing subvolcanic rocks, however, their spatial extent is below the scale of the map. (b) Topography
of the study area showing paleoflow directions derived from clast imbrication measurements (this study; Richter,
2002; Hilley & Strecker, 2005, and unpublished data from A. Richter).

et al., 2006; Carrera & Muñoz, 2008) has led to a patchwork of basement-cored ranges and intervening
intermontane basins that have experienced episodes of internal, or reduced external, drainage conditions
(e.g.,Malamud et al., 1996; Bookhagen et al., 2001; Salfity et al., 2004), but have been recaptured by rivers
that are adjusted to the undeformed foreland (Fig. 5.2a).
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Inversion of Cretaceous normal faults constitutes the primary mode of Neogene contractile reactiva-
tion in both the SBS (e.g., Mon & Salfity, 1995; Kley & Monaldi, 2002) and the EC (e.g., Carrera et al.,
2006). The Cretaceous Salta Rift was characterized by a series of subbasins distributed around the Salta-
Jujuy High, a central horst area of the former rift system (Marquillas & Salfity, 1988). The inverted rift
subbasins within the Salta foreland are structurally linked by an inferred detachment horizon at a depth
of 10 to 16 km that dips gently toward the west (Grier et al., 1991; Kley &Monaldi, 2002; Carrera et al.,
2006). The normal faults of the former rift generally strike NNE-SSW andmany of them dip to the east,
toward the present-day foreland (e.g., Grier et al., 1991). However, in the vicinity of the city of Salta (i.e.,
the Salta-Jujuy High, see section 5.2.2 and Fig. 5.2a), reactivated Neogene contractional structures strike
strictly N-S and are thought to have been guided by Paleozoic thrusts faults, extensional fault arrays, and
metamorphic foliations (Mon & Hongn, 1991; Hongn & Riller, 2007; Wegmann et al., 2008; Hongn
et al., 2008). In fact, Hongn et al. (2010) recently documented that these older basement fabrics have also
influenced the Cretaceous Salta Rift. Although these principle structures are well described the timing
when they compartmentalized the foreland sector remains largely unresolved.

In sections 5.2.1-5.2.4 we provide a detailed synopsis of the rich lithologic and stratigraphic database
of the region. This information serves as a backdrop to understand the tectonic significance of the prove-
nance signatures that we document.

5.2.1 Basement rocks

A suite of different metamorphic grades and distinct N-S oriented tectonometamorphic domains char-
acterize the basement beneath the Salta foreland (Mon &Hongn, 1991; Mon & Salfity, 1995). Most rel-
evant to this study is an Ordovician-Silurian orogenic belt that exposes a basement composed mainly of
gneisses, mylonites and Precambrian granitoid batholiths (Mon&Hongn, 1991; Salfity et al., 1998). This
tectonometamorphic domain along the former westernmargin of Gondwana broadly coincides with the
present-day boundary between the Puna Plateau and the EC (e.g., Allmendinger et al., 1983; Mon &
Hongn, 1991; Hongn&Riller, 2007). It has been suggested that the lithologic transition at the Puna/EC
boundary is ultimately related to a Mesoproterozoic suture formed during the assembly of Rodinia (see
Ramos, 2008, and references therein). Consequently, Neogene reverse faults at the Puna Plateau mar-
gin (westernmost EC) expose only amphibolites and migmatites together with plutonic and pegmatitic
rocks (high-grade basement in Fig. 5.2a), whereas greenschist-facies metasedimentary rocks of the Pun-
coviscana Formation (low-grade basement in Fig. 5.2a) are exposed throughout the central and eastern
EC and the SBS (e.g., Ruíz Huídobro, 1968; Ježek et al., 1985; Mon & Hongn, 1991; Salfity et al., 1998;
Ramos, 2008). However, in the vicinity of Metán (i.e., Sierra Metán), recrystallization, still under green-
schist metamorphic conditions, resulted in a regionally distinct lithology that has been grouped into the
Medina Formation (e.g., Salfity et al., 1998, Fig. 5.2a). In contrast to the Puncoviscana Formation, this
unit contains macroscopic mica and chlorite and displays folds with wavelengths of up 20 cm (Durand
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& Rossi, 1999). The Cumbres del Castillejo expose black carbonates of the Las Tienditas Formation dat-
ing back to the Precambrian/Phanerozoic boundary (Sial et al., 2001). The basement rocks of the Sierra
de Ovejeria and the Metán ranges expose light gray, hornblende-bearing volcanic rocks associated with
Cretaceous rift-related magmatism (Viramonte et al., 1999). With respect to the objectives of this study,
the latter three units (i.e., Medina Formation, Las Tienditas Formation and light gray volcanics) provide
excellent marker lithologies for provenance studies with well-defined source regions.

5.2.2 Paleozoic, Mesozoic,& Paleogene sedimentary successions

Paleozoic strata of the Salta foreland include shales, lithic sandstones, and pebbly quartz arenites (e.g.,
RuízHuídobro, 1968; Turner, 1970), limited to areas northeast of theNW-SE striking El Toro lineament
(Allmendinger et al., 1983, Paleozoic strata in Fig. 5.2a). During the extension that generated the Creta-
ceous Salta Rift this lineament constituted the southwestern limit of the Salta-JujuyHigh. Consequently,
the clastic and volcanic Cretaceous rift fill (Pirgua Subgroup) as well as carbonates and shales (Balbuena
and Santa Bárbara subgroups; Paleogene strata in Fig. 5.2a) deposited in the basins during postrifting
thermal subsidence, occur only southwest of the lineament (e.g., Grier et al., 1991; Salfity et al., 1998).
Although the lithologic contrast across the El Toro lineament suggests a fault that was active during both
the Paleozoic and the Cretaceous, in the absence of unambiguous observations concerning its Cenozoic
tectonic activity, we simply note its importance as a discriminator for sediment provenance.

The upper section of the Santa Bárbara Subgroup and coeval units farther west exhibit early signs of
contractional deformation. For example, growth strata preserved along the present-day Punamargin pro-
vide evidence for Eo-Oligocene tectonism giving rise to foreland-basin style sedimentation (e.g., Hongn
et al., 2007; Bosio et al., 2009). Proximal anddistal units pertaining to this early stage ofAndean evolution
are well documented (e.g., Vergani & Starck, 1989a,b; Salfity et al., 1993; Starck & Vergani, 1996).

5.2.3 Metán Subgroup

Following the establishment of internal drainage in the Puna region during the middle Miocene (e.g.,
Jordan & Alonso, 1987; Alonso et al., 1991; Vandervoort et al., 1995) foreland-style sedimentation con-
tinued unconformably atop Paleogene strata (e.g., Hongn et al., 2007). In the eastern EC and the SBS,
theNeogeneMetán Subgroup (OránGroup) is composed of sandstones andmudstones, with occasional
beds of oolitic limestones (e.g., Russo & Serraiotto, 1978; Galli et al., 1996). These horizons pertain-
ing to the Anta Formation have been associated with the Paranense transgression between 15 and 13Ma
(e.g., Hernández et al., 2005). The transition from the thinly bedded Anta Formation to the overlying
sandstone-dominated JesusMaria Formation (eastern EC and the SBS) defines an upward coarsening and
thickening trend. Distinct lateral facies zonation recorded in the EC (Russo & Serraiotto, 1978) further-
more enables a correlation with coeval conglomerates and sandstones of the Angastaco Formation of the
western EC (Fig. 5.3), related to deposition in a braidplain environment (Díaz &Malizzia, 1984).
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Figure 5.3–Compilation ofNeogene stratigraphy and chronologic constraints for the three principle intermontane
basins east of the Puna margin. The thicknesses of the formations are not shown to scale as they have been aligned
to a generic time scale that also corresponds to megasequences II to IV of Starck &Vergani (1996). Note that, espe-
cially at the Piquete/LaTroja contact, diachronous onset of deformation/ syntectonic deposition is implicated. De-
posits in the Calchaquí Valley equivalent to the La Troja Formation have not been investigated herein, but Carrera
& Muñoz (2008) Salfity et al. (2004) report Quaternary strata closely associated with neotectonic compressional
structures. Compilation based on the following: aMarshall et al. (1983); bGrier&Dallmeyer (1990); cCoutand et al.
(2006); dunpublished data from M. Strecker; eReynolds et al. (1994); fReynolds et al. (2000); gViramonte et al.
(1994); hViramonte et al. (1984); iMalamud et al. (1996); jGalli et al. (1996); kGrier (1990); lVergani & Starck (1988);
mGebhard et al. (1974); nGonzalez Villa (2002); xthis study.

5.2.4 Jujuy Subgroup

The Jujuy Subgroup (Orán Group) is currently subdivided into the Guanaco and Piquete formations
(Gebhard et al., 1974;Russo&Serraiotto, 1978; Starck&Vergani, 1996). In addition to these lateMiocene
to early Pleistocene formations we document evidence for thick Quaternary strata exposed in both the
EC and the SBS, constituting a new unit, the La Troja Formation.

5.2.4.1 Guanaco Formation

Thewell-sorted sandstones, gravelly sandstones, and intraformational conglomerates of theGuanacoFor-
mation overlie theMetán Subgroup. The appearance of conglomerates and themeter- to decameter-scale
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bedding is the continuationof theupward coarsening and thickening trend that commenced in theMetán
Subgroup. Within the SBS, the Guanaco Formation is characterized by multiple sharp transitions from
mudstones to conglomerates and sandstones. Mudstones are less abundant in the EC, where well-sorted
sandstones dominate the formation, together with conglomeratic and gravelly sandstone channels that
form sharp contacts with the well-sorted sandstones. Matrix-supported conglomerates are common in
both the EC and the SBS (Gonzalez Villa, 2002), mostly associated with small-scale cut-and-fill geome-
tries and planar cross stratification. The basal contact with the Metán Subgroup has been reported as
being conformable to erosive (e.g., Gebhard et al., 1974), but Cristallini et al. (1997) recognized an on-
lap relationship in the SBS, possibly related to an early uplift at the EC/SBS transition (Hain, 2008, this
study). In the seismic reflection data presented below it will be shown that a low-amplitude angular un-
conformity also exists in the eastern EC.

TheGuanaco Formationwas deposited between >10.9 and<6.9Ma (Viramonte et al., 1994; Reynolds
et al., 2000). In the vicinity of Coronel Moldes (Fig. 5.2) we dated a volcanic ash layer at 9.31 ± 0.31Ma
(Fig. 5.4a and Table E.1; see also section 5.3.1) from within a Guanaco Formation sandstone sequence
with scarce granitoid clast bearing conglomeratic channels. Farther west, along the Puna margin, the
Palo Pintado Formation (Calchaquí Valley western EC) was deposited between 9 ± 1Ma and <5.27 ±
0.28Ma (Coutand et al., 2006) in an unrestricted foreland setting with longitudinal rivers, swamps and
ponds (Starck & Anzótegui, 2001). This is interesting because, we will argue below, the Palo Pintado
and Guanaco Fms comprise a megafan system that delivered sediment with a Puna border provenance
signature across the entire foreland sector.

5.2.4.2 Piquete Formation

The Piquete Formation erosionally to paraconformably overlies the Guanaco Formation in the SBS
(Cristallini et al., 1997) and the eastern part of the EC, whereas these formations are separated by an an-
gular unconformity in the central EC (Gonzalez Villa, 2002; Carrera & Muñoz, 2008). In the eastern
sector of the EC, the Piquete Formation comprises well imbricated, clast-supported, and laterally con-
tinuous conglomerate horizons interbedded with silty sandstones. In the SBS, the Piquete Formation
is characterized by abundant carbonate-bearing paleosols interbedded with gravelly sandstones and con-
glomerates that are predominantly matrix supported. The channel facies frequency and the modal clast
size of the associated conglomerates tend to decrease from the EC to the SBS.

Based onmagnetostratigraphic data and an apatite fission track dated tuff near Coronel Moldes in the
Lerma Valley, the Piquete Formation was deposited between ~5Ma (Reynolds et al., 1994, 2000) and
<1.3 ± 0.2Ma (Malamud et al., 1996). These strata are thus coeval with the San Felipe Formation in the
Calchaquí Valley to the west (Coutand et al., 2006; Strecker et al., 2007a, Fig. 5.3).
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5.2.4.3 La Troja Formation

Only two reports have addressed the accumulation of thick Quaternary strata in the eastern EC and the
SBS (Monaldi et al., 1996; Carrera &Muñoz, 2008). Monaldi et al. (1996) attribute these deposits to the
Piquete Fm. Noting both growth strata and unroofing trends in conglomerate composition they propose
two Pleistocene thrust fronts, one in the central EC and one at the EC/SBS transition, as the sediment
source regions. Carrera & Muñoz (2008) briefly mention Quaternary growth strata in the eastern EC,
complimentary to a wealth of similar Quaternary structures they document in the western and central
EC. Furthermore, Salfity et al. (2004) documented lake deposits ponded west of a Quaternary fault in
the western EC. Below we present previously unpublished observations pertaining to the Quaternary
deposits (Hain, 2008) and suggest the adoption of the name La Troja Formation.

5.3 Methods

5.3.1 U–Pb& U–Th zircon geochronology

It is important for our assessment of the stratigraphic record of the poorly exposed, heavily vegetated east-
ern sector of the Salta foreland that we assign our observations to the correct formations. For this reason
we radiometrically dated zircons from five volcanic ash samples, one pertaining to the inferred megafan
deposit (Guanaco Fm) and four pertaining to the sediments deposited during and after the latest stage
of intrabasin deformation (La Troja Fm; sample sites marked as yellow stars in Fig. 5.2b). U–Pb and U–
Th zircon ages were obtained using the CAMECA IMS 1270 ion microprobe at UCLA (Tables E.1 and
E.2). Instrument setup and relative sensitivity calibrations for U–Pb and U–Th analysis are described by
Grove et al. (2003) and Schmitt et al. (2006). U–Pb age uncertainties estimated from the reproducibil-
ity of AS3 zircon (1099.1 Ma, Paces & Miller, 1993) are 2.3 to 2.7%. Secular equilibrium standard AS3
yielded (230Th)/(238U) = 1.001 ± 0.013 (MSWD – mean square of weighted deviates = 0.3; n = 12) with
parentheses denoting activities. U–Th zircon melt isochron ages (Reid et al., 1997) were calculated us-
ing published (230Th)/(232Th) and (238U)/(232Th) for evolved central Andean lava (Parinacota rhyolite
91-014, Bourdon et al., 2000) as representative of the melt. Because of the strong U/Th fractionation of
zircon relative to the melt, uncertainties in the melt composition contribute to the overall uncertainty of
the model ages only to a negligible amount.

Ash 2 yielded a 206Pb/238U age of 9.31 ± 0.31Ma (2σ, MSWD = 1.9, n = 7, Fig. 5.4a). Three zircon
crystals in Ash 2 are slightly older (~11Ma), and were omitted from the average. Ash 3 yielded few crys-
tals, and the ones analyzed are Paleozoic-Precambrian in age (206Pb/238U age between 315 and 711Ma; n
= 4). Because xenocrystic zircon is rare in the other ashes, we interpret these crystals to be detrital. Initial
U–Pb dating of zircon crystals in samples Ash U, Ash Q, SA150406-01, and SA150406-03 yielded very
low and highly unradiogenic 206Pb intensities. Although individual age uncertainties are large, the zircon
crystals have Late Pleistocene 206Pb/238U ages (with an overall average between ~50-120 ka, after correc-
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Figure 5.4 – (a and b) Shown are 207Pb/206Pb versus 238U/206Pb zircon results, uncorrected for common Pb, show-
ing segments of concordia (ages inMa) and regression lines with a fixed y axis intercept corresponding to common
Pb (207Pb/206Pb = 0.83). Concordia intercept ages in Fig. 5.4b vary as a function of the fractionation between Th
andU in zircon crystallizing fromamelt. The 206Pbdeficit resulting from 230Thdisequilibriumwas calculated from
zirconmineral melt distribution coefficients (DTh/U) between ~0.1 and 0.3, estimated fromTh/U in zircon and the
average for continental arcmagmas. Based onmodel intercept ages, maximumeruption ages for ashes SA150406-01,
SA150406-03, Ash U, and Ash Q of 0.10 ± 0.05Ma are inferred.

tion for initial disequilibrium; Fig. 5.4b), with the exception of a single old zircon (~534Ma) in Ash U.
The young crystallization age of these zircons was confirmed by subsequent 238U-230Th dating, which
indicated uranium-series disequilibrium in most crystals with (230Th)/(238U) ranging between 0.18 and
1.0. Zircon melt model ages (Fig. 5.5 and Table E.2) range between 22 ka and >380 ka (which represents
the upper age limit resolvable by the 238U-230Thmethod). The geochronological data cannot distinguish
between crystals being derived fromdifferent eruptions, or protracted crystallizationwithin an individual
magma system and a single eruption. Protracted zircon crystallization is characteristic for silicic magma
systems in convergent margin settings (e.g., Schmitt et al., 2010). Regardless of the causes for the hetero-
geneous zircon age population in these ashes, it is the youngest crystal(s) in each population which we
use in order to constrain maximum depositional ages (Fig. 5.5): Ash U (22 ± 10 ka), Ash Q (47 ± 6 ka),
SA150406-01 (37 ± 6 ka), and SA150406-03 (26 ± 10 ka).

5.3.2 Paleoflow reconstructions

To reconstruct paleoflow directions the orientation of individual pebbles (usually 60 or more)
in clast-supported conglomerates were measured. Using Stereonet software (by R. Allmendinger;
www.geo.cornell.edu/geology/faculty/RWA/programs.html) this raw data was then rotated so as to restore
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Figure 5.5 – (a-d) Shown are 238U–230Th zircon model ages and relative probabilities plotted for SA150406-01,
SA150406-03, AshQ, and AshU. Dashed lines indicate maximum depositional age determined from the youngest
zircon crystallization age in the population.

bedding to horizontality. According to this procedure clast orientations are assumed to point upstream
(i.e., imbrication) requiring 180° rotation around the vertical to reflect transport direction. Fig. 5.6 rep-
resents the raw (i.e., unrotated) lower hemisphere projection of the data and the orientation of bedding.
The central tendency of the inferred transport directions is shown in Fig. 5.2b.

5.3.3 Interpretation of seismic reflection data

Three dimensional reflector mapping and analysis was completed on the unmodified (i.e., not depth mi-
grated) data set using Schlumberger Petrel software. We measured the vertical distance (in TWT – two-
way travel time) of the Cretaceous rift sediments to assess if extensional structures (i.e., localized exten-
sional depocenters) are present in the seismic grid. To illustrate the geometry of the inferred half-graben
depocenters we flattened the first (i.e., deepest) postrift reflector, which amounts to a purely vertical dis-
tortion. This approach is a good approximation of the reflector geometries prior to shortening since the
inferred extensional fault did not offset the stratigraphic interval shown. If not noted otherwise, seismic
sections are displayed without modifications.

5.4 Results

5.4.1 Tectonostratigraphy

In addition to the shortening accommodated by the reactivated former extensional hanging walls now
constituting the ranges in the broken foreland, the basins have also been shortened, affecting most of the
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synorogenic succession (e.g., Kley &Monaldi, 2002; Salfity et al., 2004). In the basins, the Neogene de-
posits have been folded and faulted bymild inversion of Cretaceous extensional fault systems in both the
SBS (Cristallini et al., 1997) and the EC (Carrera & Muñoz, 2008). Below, we present further evidence
for Quaternary deformation in the eastern EC and the SBS, making a case for an episode of widespread,
continued basin inversion. These intrabasin structures are of particular importance because they create
accommodation space for the La Troja Fm. We will demonstrate that large volumes of Quaternary sedi-
ments are stored at moderate to high elevation despite drainage connectivity to the foreland.

5.4.1.1 Coronel Moldes anticline

A grid of eleven seismic lines from the Coronel Moldes area augmented by borehole data and detailed
structural mapping have helped to decipher the deformation history of the basin interior in the Lerma
Valley (eastern EC; Fig. 5.2).

A planar 255° (WSW) dipping anisotropy was imaged in the basement below the town of Coronel
Moldes (Fig. 5.7). The anisotropy does not displace Neogene strata, nor is it oriented parallel to the 35°
-215° (NE-SW) trending Coronel Moldes anticline (Hain & Strecker, 2008, Fig. 5.8e). We tentatively
relate this subsurface structure to the N-S striking Precambrian basement structures (i.e., the thrust sepa-
rating the Choromoro and Lules tectonometamorphic belts, or alternatively, the west dipping axial plane
foliation of the Choromoro Belt (Mon &Hongn, 1991).

Although no normal fault was directly imaged in the investigated seismic sections, the thickness dis-
tribution of the Cretaceous rift fill, interpolated from the seismic grid, defines four distinct depocenters
(DC1 to DC4 in Fig. 5.8e). Three of the depocenters are aligned within the core of the Coronel Moldes
anticline (Figs 5.8e and 5.9). Toward the SW, where the DC4 is offset to the west, the anticline abruptly
disappears in both surface and subsurface expression. In the area of DC4, a second subparallel anticline
has developed. The overall geometry defined by the deformed fills thus resembles a SSW striking, WNW
dipping, en echelon half-graben array. The absence of reflector offsets in the synextensional strata (Fig.
5.9) may be related to drape folding (e.g., Howard& John, 1997). Nonetheless, a more complex deforma-
tion mechanism involving transtension (e.g., Janecke et al., 1998) of the aforementioned deep basement
anisotropy resulting in fault-oblique drape folding cannot be excluded.

The early deformation episode separating the Guanaco Formation and the Metán Subgroup has no
expression discernible in our field observations. However, a low amplitude angular unconformity im-
aged by the seismic survey (Fig. 5.7) correlates with the transition between the Metán Subgroup and the
Guanaco Formation (Fig. 5.8). We suggest that this erosional truncation of Metán Subgroup strata in
the eastern EC, onlap relationships in the SBS (e.g., Cristallini et al., 1997), and a new isolated sediment
source at the EC/SBS transition (section 5.4.2.1), reflect the uplift of the Sierra Metán at ~10Ma.

Since the Coronel Moldes anticline involves the Piquete Formation (Fig. 5.8) with an intercalated vol-
canic ash dated at 1.3 ± 0.2Ma (Malamud et al., 1996), the inversion of the fault array must be younger.
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During and after folding sedimentation of the LaTroja Formation occurred on both sides of the anticline
but at different elevations (up to 1400m to the west and 1130m to the east) as a result of structurally con-
trolled sediment ponding west of the fold (Fig. 5.8c). Onlap against the anticline is imaged in the seismic
reflection profiles (Fig. 5.8b) and can be locally seen in outcrop (Fig. 5.8a). The sediment-filled western
syncline exhibits growth strata. Beneath the town of Coronel Moldes (i.e., the filled eastern syncline) the
La Troja Formation attains an acoustic thickness of 240 ms (TWT, Fig. 5.7).

The modern topographic expression of the Coronel Moldes fold array may at first sight appear to be
minor, especiallywhen compared to the ranges that segment the foreland. Nonetheless, we argue that this
Quaternary intrabasin structure absorbed shortening at a high rate. Perpendicular to the structures, the
19.5 km long top of the Piquete Formation was shortened to 16.5 km (Fig. 5.8c). Given the 1.3 ± 0.2Ma
age of the ash intercalated within this unit (Malamud et al., 1996) we find that the strata were shortened
at a rate in excess of 3.1 ± 0.6 mm/a.

5.4.1.2 Sierra Vaqueros & San Lorenzo anticlines

A second example of a Quaternary fold array in the Lerma Valley can be found near the northwestern
limits of the city of Salta, the provincial capital (Fig. 5.10). Here, the fault-cored Sierra Vaqueros exposes
Piquete Formation conglomerates, and the en echelon San Lorenzo anticline involves Quaternary strata
(i.e., the La Troja Fm). The top of the Sierra Vaqueros structure is 700 m higher than the floor of the
Lerma Valley. Multiple uplifted fluvial terraces attest to recent deformation andmodification of the river
network, unambiguously documenting that this structure is actively growing in a southwestward direc-
tion. We attribute much of the ~140 m elevation difference between San Lorenzo (1340 m; west of the
fold) and Salta (1200 m; east of the fold) to differential Quaternary sediment storage (Fig. 5.10); a situa-
tion very similar to the two filled synclines in the CoronelMoldes area (Fig. 5.8c). It is interesting to note
that one of the recent earthquakes located within the interior of the Lerma Valley, a magnitude 6.3 event,
was registered immediately east of the Sierra Vaqueros (Fig. 5.10; USGS event ID: U.S.2010tfc3).

5.4.1.3 Santa Bárbara System inversion

Previous studies have shown that Andean contractional structures in the SBS invert Cretaceous normal
faults (e.g., Grier et al., 1991; Cristallini et al., 1997; Kley &Monaldi, 2002). Onlap of the Guanaco For-
mation just east of the Sierra Metán has been documented (Cristallini et al., 1997), and the Guanaco and
Piquete formations are not separated by an angular unconformity (Cristallini et al., 1997; Gonzalez Villa,
2002). Both units, however, have been subsequently folded and faulted (Fig. 5.11, Gonzalez Villa, 2002;
Kley &Monaldi, 2002). During and after shortening theQuaternary La Troja sediments were deposited
in the synclines; in Fig. 5.11, the east sloping remnant fill surface of the central syncline reaches elevations
of >1250 m whereas the fill of the eastern syncline slopes south at elevations well below 1000 m. Possi-
ble onlap relationships and/or growth strata in the central syncline have been largely eroded. Along the
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Figure 5.6 – Paleoflow reconstruction based on clast imbrications. Shown here are lower hemisphere projections of
clast orientations asmeasured in the field and bedding orientations (great circle). The central tendency derived from
these data (corrected for deformation) is shown in Fig. 5.2b as paleoflowdirection; see section 5.3.2 for details on the
correction. Theprecise locations of the stations are (a) 25°26.062’ S, 65°36.617’W; (b) 25°13.888’ S, 65°26.232’W; (c)
24°49.606’ S, 65°0.824’ W; (d) 25°7.739’ S, 65°5.485’ W; (e) 25°11.941’ S, 64°57.335’ W; (f) 25°17.334’ S, 64°55.652’
W; (g) 25°31.602’ S, 65°30.682’ W; (h) 25°26.659’ S, 65°35.448’ W; (i) 25°16.142’ S, 65°31.955’ W; (j) 24°42.654’
S, 65°26.922’ W; (k) 24°48.019’ S, 65°1.484’ W; (l) 25°7.833’ S, 65°01.206’ W; (m) 24°47.363’ S, 65°21.440’ W; (n)
24°48.103’ S, 65°13.353’ W; and (o) 25°13.101’ S, 64°56.024’ W.

eastern flank of the Mojotoro Range remnant alluvial fan conglomerates pertaining to the La Troja For-
mation rest unconformably on the folded and eroded Mio-Pliocene strata (Fig. 5.11). The tectonostrati-
graphic patterns observed in the SBS therefore resemble those that we have documented in the Coronel
Moldes area. Importantly, large volumes of Quaternary sediments are stored at high elevations and thus
contribute to basin average elevation and topographic load.

5.4.2 Provenance signatures

In the followingwewill document the conglomerate compositions in theGuanaco, Piquete and LaTroja
formations. The changes in clast provenance between these formations speak directly to sediment export
versus sediment trapping in the hinterland. We argue that the disappearance of clasts with a hinterland
provenance provides clear evidence for basin-scale trapping of sediments in the intermontane basins.

5.4.2.1 Guanaco Formation

More than 15%of high-grademetamorphic and granitoid clasts characterize the composition of conglom-
erates found in theGuanaco Formation in both EC and SBS (Table F.1 and Fig. 5.12a), providing a strong
constraint for the sediment source areas, as these lithologies only crop out near the Puna margin (Fig.
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5.2a). Specifically, in broad agreement with reconstructed paleoflow directions (Figs 5.2b and 5.6; see
section 5.3.2), the presence of amphibolites and the leucosome of migmatites indicate eastward sediment
transport. Fine-grained, brick red granites of the Tastil pluton (NWof the El Toro lineament outside Fig.
5.2) imply southeastward transport. Thus, our conglomerate composition data (Table F.1) identifies the
source areas for theGuanaco Formation as the basement ranges to thewest of the Palo Pintado Formation
depocenter (i.e., ranges at the Puna margin just west of the Calchaquí Valley, western EC). This is impor-
tant, because it suggests that between ~10 and ~5Ma sediments were derived from the Puna margin and
distributed across the entire foreland.

In addition to the above regional provenance pattern, farther east, in the SBS, the occurrence of
hornblende-bearing volcanic, Cretaceous carbonate, andMedinaGroup basement clasts inGuanaco For-
mation conglomerates (Gonzalez Villa, 2002, Table F.1) suggests a distinct, isolated sediment source.
Only the Sierra Metán at the EC/SBS transition (Fig. 5.2), immediately west of the anomalous Guanaco
conglomerates, exposes Medina Group basement, along with the other two lithologies. The Ovejeria
Range (Fig. 5.2) also exposes the carbonates and hornblende-bearing volcanic lithologies and can thus
not be ruled out as a sediment source during the time of the deposition of the Guanaco Formation (i.e.,
~10 to 5Ma). However, the uplift of theMetán/Ovejeria ranges apparently did not significantly interfere
with sediment export from the hinterland.

5.4.2.2 Piquete Formation

Throughout the eastern EC and SBS, the conglomerate composition of the Piquete Formation dramat-
ically diverges from that of the Guanaco Formation in that plutonic and medium to high-grade meta-
morphic clasts are virtually absent (Table F.1 and Fig. 5.12a), although most paleoflow indicators within
the Piquete Formation show paleoflows toward the E and SE (Fig. 5.2b; note that the south directed
flow pertains to the age equivalent San Felipe Formation). Instead, the Piquete Formation composition
of conglomerates in the eastern EC and the SBS varies systematically from N to S, displaying covariance
with the location of the El Toro lineament (Figs 5.12b and 5.2). This characteristic compositional signal
must originate from the ranges (herein central EC) presently separating the Calchaquí Valley in the west-
ern EC from the Lerma Valley in the eastern sector of the EC. In contrast to the Piquete Fm, the coeval
San Felipe Formation in theCalchaquí Valley retainsGuanaco-like conglomerate compositions character-
ized by plutonic and high-grade metamorphic clasts (Coutand et al., 2006). The uplift of the central EC
ranges must therefore have been able to intercept sediment transport from the Puna margin, causing the
divergence between the Piquete and San Felipe conglomerate compositions. This scenario is also com-
patible with changing transport directions in the San Felipe Formation of the Calchaquí Valley; showing
eastward and southward directed paleoflow directions in conglomerates (A. Richter, unpublished data,
2002, Fig. 5.2b).
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Diverging from the above pattern, the Piquete Formation is anomalous at two clast count stations
(32 and 34) in the SBS in that it resembles the composition of the Guanaco Formation (Fig. 5.12a and
Table F.1), suggesting either limited Puna margin sourced sediment bypassing the EC into the SBS or,
alternatively, reworking of the Guanaco Formation as observed in the central (e.g., Gonzalez Villa, 2002)
and eastern parts of the EC.

Notably, in the southernmost Lerma Valley (eastern EC) clast imbrications indicate north directed
transport (Station g in Fig. 5.2b). However, the characteristic hornblende-bearing volcanic lithology
exposed today in the Ovejeria Range to the south, is absent (clast count station 39).

Overall, the change of conglomerate composition from theGuanaco Formation to the Piquete Forma-
tion suggests that between ~5 and 2Ma coarse sediments shed from the Punamargin were trapped in the
intermontane Calchaquí Valley (i.e., the San Felipe Formation, western EC) rather than being exported
from the orogen interior. It appears that the uplift of the central EC ranges at ~5Ma (1) produced the
sediment that constitutes the Piquete Formation and (2) intercepted the Puna margin derived gravel.

5.4.2.3 La Troja Formation

Conglomerate compositions for the Piquete Formation and the LaTroja Formation are indistinguishable
in the eastern EC except for the decrease in basement clasts and the increased contribution of clasts derived
from the Paleozoic andCretaceous sedimentary cover units to the LaTroja Formation conglomerates (rel-
ative to Piquete Fm). This difference indicates a shift toward less unroofed sections in the source regions
and/or uplift of new sources (Fig. 5.12b, cf. Monaldi et al., 1996). In contrast to the Piquete Fm, Pirgua
Subgroup sandstones, which disintegrate over very short transport distances inmodern rivers, frequently
contribute to the La Troja Formation conglomerates in areas proximal to the present-day ranges of the
central EC, south of the El Toro lineament.

North of the El Toro lineament, the lithologic contrast between the central EC ranges and the Mojo-
toro Range is minimal and conglomerate compositions (but not facies; see section 5.4.3.3) are similar of
the Piquete and La Troja formations in both eastern EC and SBS. In the SBS, however, Ordovician fossil-
bearing sandstones of theMojotoro Formation, which are prone to abrasion inmodern rivers, contribute
to the La Troja Fm, but not to the Piquete Formation, suggesting amarked decrease in transport distance.

At the southern tip of the Mojotoro Range and only few kilometers downstream from the Castillejo
Range, the only exposure of black carbonates in the region (Las Tienditas Formation) provides a very
direct lithologic constraint (Fig. 5.2a) on the source area for the La Troja Formation in the SBS. While
the Guanaco and Piquete formations as well as the base of the exposed section of the La Troja Formation
infilling of the local syncline (see section 5.4.1.3 and Fig. 5.11) are devoid of Las Tienditas clasts (Table F.1
Gonzalez Villa, 2002), boulders of the Las Tienditas Formation appear toward the top of the La Troja
section, attesting to Quaternary uplift of the Castillejo Range.
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In summary, it appears that most of the sediment contributing to the La Troja Formation in the SBS
is derived from the ranges at the EC/SBS boundary (i.e., Mojotoro, Castillejo and Metán ranges). Fur-
thermore, there is evidence that large sediment volumes shed from the central EC ranges were trapped
by intrabasin structures in the eastern EC (Lerma Valley). The characteristic lithologies exposed along
the Puna margin are absent from La Troja Formation conglomerates in both eastern EC and SBS, which
indicates efficient sediment trapping in the western EC (Calchaquí Valley).

5.4.3 Sediment dynamics

5.4.3.1 Guanaco Formation

The geometries of well-defined conglomeratic channels embedded in well-sorted sandstones within the
EC and an alternating mudstone-sandstone-conglomerate sequence in the SBS attest to an east-west gra-
dient in the depositional environment. The common provenance signature in Guanaco Formation con-
glomerates throughout the EC and the SBS (see section 5.4.2.1 for one exception) with an unambiguous
source area near the eastern Puna border suggests a single contiguous depositional system. Strata farther
north in the Subandean Belt, characterized by facies relationships similar to those that we document here
for the SBS (see also Gonzalez Villa, 2002), have been related to a fluvial megafan depositional environ-
ment (e.g., Horton & DeCelles, 2001; Leier et al., 2005; Uba et al., 2005, 2007, 2009). The Guanaco
Formationmay thus also be interpreted as a fluvial megafan; originating along the Puna border and shed-
ding sediment >100 km into the foreland.

5.4.3.2 Piquete Formation

The characteristic lateral continuity of well imbricated conglomerate horizons in the eastern EC indicates
deposition from unconfined flow at relatively high flow velocities, conditions that may be related to an
alluvial fan environment below the intersection point (e.g., Blair&McPherson, 1994). Facies associations
in the SBS are in accord with distal fan/alluvial plain depositional systems. The central EC provenance
signature (see section 5.4.2.2) is prevalent in both eastern EC and SBS. The Piquete Formation thus ap-
pears to be the stratigraphic remnant of a formerly contiguous alluvial fan system, proximal in the eastern
EC and distal in the SBS (cf. Gonzalez Villa, 2002).

5.4.3.3 La Troja Formation

TheQuaternary La Troja Formation has not been described in detail so farmaking it timely to document
its facies before interpreting the depositional environment and sediment dynamics. In both eastern EC
and SBS, the La Troja Formation comprises poorly stratified and poorly sorted sandy gravels alternating
with gravelly sands and clayey sands (see also Fig. 5.8a). The gravels are frequently matrix supported,
but clast-supported cobbles exist in channel-like lenses. At some stratigraphic levels occasional boulders
are embedded in gravelly sandstones. Siltstones are absent, with the exception of the upper stratigraphic
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Figure 5.7 – Interpretation of seismic line 2504, situated in the syncline below the town Coronel Moldes, in the
Lerma Valley (eastern EC; see Fig. 5.2b). Depth is shown in sec (TWT–two-way travel time). Correlation with the
stratigraphic units is based on structural mapping, the nearby borehole CMo.X-1, and seismic facies interpretation.
Note the low-amplitude angular unconformity separating the Metán Subgroup from the Guanaco Fm, imaged
here as truncation ofMetán Subgroup reflectors and the consequent thinning of theMetán Subgroup stratigraphic
interval toward the right (NNE). See Fig. 5.8e for location.
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Figure 5.8 – Relationship between Cretaceous extensional structures and Quaternary compressional structures in
the eastern EC (Lerma Valley); see Fig. 5.2a for location. (a, b) Onlap relationships of the La Troja Formation
indicate that shortening occurred only after deposition of the Piquete Fm. (c) Geologic section across intrabasin
structures near Coronel Moldes based on structural mapping, borehole data, and seismic interpretation. (d) The
seismic grid is situated within the Cretaceous Salta Rift. (e) The thickness of the synrift stratigraphic interval is
characterized by four distinct depocenters (DC 1 to 4). The close correlation between the compressive structures
mapped in the field and the acoustic thickness (contoured here as milliseconds two-way traveltime (TWT)) of the
rift fill requires inversion of the en echelon array of Cretaceous extensional structures during shortening. The ex-
posed onlap (Fig. 5.8a) is visible along the Tajamar stream, near La Viña, about 20 km SSW of the geologic section
(paleoflow station (h) in Fig. 5.2b).
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levels of the Coronel Moldes syncline (i.e., west of the Coronel Moldes anticline), where massive banks
of friable, chalky, muddy siltstones, containing only rare granules, are associated with infrequent, heavily
cemented, longitudinal (i.e., N-S oriented) gravel-filled channels.

The facies associated with the remnant alluvial fan to the east of the Mojotoro Range (Fig. 5.11) are
in stark contrast to those described above. Proximal to this range the La Troja Formation is exposed in
vertical walls of fanglomerate with no discernible bedding, many tens of meters high (e.g., clast count
station 19). The remnant fan surface slopes to the east and east sloping bedding, defined by alternating
banks of gravelly sands and sandy gravels, becomes progressively better developed toward the toe of the
fan. A massive fanglomerate outcrop, similar to the proximal Mojotoro fan, can be found in the eastern
ECnearTalapampa (clast count station 21). Here, gravel clasts are dominated by the peculiar hornblende-
bearing volcanic lithology deriving from outcrops less than 10 km to the south.

Based on these observations, the depositional environment of the LaTroja Formation is best described
as proximal alluvial fan systems that developed where streams exit the different range fronts. The transi-
tion fromproximal fanglomerates tomore distal conglomerate/sandstone strata reflects fluvial processing
on the fan surface. These fan systems are also affected by the deformation of the basin interior of both
the eastern EC and the SBS; large volumes of the La Troja Formation sediments are accommodated by
synclines that formed during deposition. The poor sorting and poorly developed bedding of the La Troja
sediments filling these synclines may be attributed to the dominance of gravity flow, rather than fluvial,
sediment transport mechanisms. It appears that La Troja sediments have not been transported far, but
insteadwere stored adjacent to the various sediment source regions. The facies and provenance signatures
of these deposits are thus characterized by pronounced spatial heterogeneity.

5.4.4 Moisture supply to the eastern flanks of the Andean orogen

Previous studies have highlighted the tectonic fragmentation and progressive aridification of the Andean
hinterland in the immediate vicinity of the Puna as a driver of sedimentary processes and sustained sev-
ered drainage conditions in intermontane basins (e.g. Starck & Anzótegui, 2001; Kleinert & Strecker,
2001; Sobel & Strecker, 2003; Sobel et al., 2003; Alonso et al., 2006; Coutand et al., 2006; Strecker et al.,
2007a,b). A detailed account of the present-day geomorphic conditions and related climate patterns for
the broken Salta foreland are provided below, and two major controls on moisture supply to the hinter-
land are identified.

The first of these controls is related to the updraft of air caused by the atmospheric gravity wave that is
generatedwhenwind passes over amountain range (e.g., Roe, 2005, and references therein). This density
wave causes higher precipitationon thewindward slope thanon the leeward slope, where the densitywave
causes downdraft of the air and thus a rain shadow. Such asymmetric precipitation patterns, with higher
precipitation on the eastern slopes, intercepting easterly and northeasterly moisture-bearing winds (e.g.,
Vera et al., 2006a,b; Bookhagen&Strecker, 2008), occur along all ranges in the broken Salta foreland (Figs
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Figure 5.9 – Synrift depth interval of seismic line 2447 across the Coronel Moldes anticline (a) as imaged by the
survey and (b) flattened along the oldest postrift reflector. The synrift depocenter in Fig. 5.9b occupies the core
of the Coronel Moldes anticline (Fig. 5.9a). Neither the extensional fault nor the blind reverse fault that folds the
synorogenic stratawas imaged in the seismic data, suggesting drape folding during both extension and compression.
See Fig. 5.8e for location.

5.13 and 5.14). However, our data suggests that ranges only reduce downwind rainfall significantly if they
surpass a 3-km-radius relief of ~1 km (i.e., central EC, Aconquija, Quilmes ranges, and the eastern Puna
border; Fig. 5.14). A relief threshold of this type is well founded in theoretical considerations and numer-
ical simulations by Galewsky (2009). If the scale height (h) of a range increases relative to some measure
of atmospheric conditions (i.e., U/N; U= horizontal wind speed; N = atmospheric buoyancy frequency)
a regime change of the precipitation patterns causes hinterland aridification, rather than merely reduced
precipitation on the lee slope of the range (Galewsky, 2009). Here it is shown that if ranges surpass this
relief threshold, but do not completely shield the basins in their lee (i.e., Metán and Candelaria ranges
partly shield the Lerma andRosario valleys; Figs 5.13 and 5.14), moisture can pass into these basins where
relief is low. Thus, although the Mojotoro range causes orographic precipitation, the low relief of this
range allows moisture to penetrate into the Lerma Valley (swath 1 in Fig. 5.14) and consequently into the
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Figure 5.10 – Structural interpretation of the Sierra Vaqueros and San Lorenzo anticline. While the Guanaco and
Piquete formations are folded in the Sierra de Vaqueros, the San Lorenzo anticline plunges SSW towards the Lerma
Valley, also folding the conglomerates of the La Troja Fm. A series of incised river terraces record active southward
growth of the structural array and the associated reorganization of the fluvial network. White star denotes the
epicenter of a recent shallow earthquake (Mw = 6.3), further attesting to ongoing deformation. S.–Sierra

lee of the high-relief Sierra Metán (swath 2 in Fig. 5.14; see also Fig. 5.13). On longer time scales lateral
and vertical fault growth along uplifting ranges will thus promote topographic growth and accrue relief,
ultimately resulting in an efficient moisture barrier. In such a setting, moisture transport farther into the
orogen interior is limited to thoroughfares formed by areas of reduced relief. Such thoroughfares may be
associated with areas where mountain-bounding faults lose throw or where transfer structures have fa-
cilitated the exit of major drainages, fluvial downcutting, and valley formation (e.g., Strecker &Marrett,
1999; Strecker et al., 2007a, Fig. 5.13b).

The second factor controlling moisture supply to the hinterland is related to thermodynamics rather
than prevailing easterly wind directions. The Clausius-Clapeyron relation governs that the moisture con-
tent of the air column decreases with surface temperature/elevation (e.g., Holton, 1992; Roe et al., 2002).
The consequence of this relation is apparent in our data when considering the elevation of basins and
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Figure 5.11– Structural interpretation east of theMojotoroRange. The LaTroja Formation is preserved as remnant
alluvial fan surfaces and constitutes the infill of the synclines. White points correspond to conglomerate clast count
stations, labeled as in Table F.1.

throughfares, rather than range elevation. Once basin elevations have reached ~1500 to 2000 m (transi-
tion from green to yellow colors in Fig. 5.2b), the amount of rainfall decreases drastically (Figs 5.13 and
5.14) under present-day climatic conditions (i.e., at modern atmospheric lapse rates). For example, be-
tween the Santa María Valley (swath 3 in Fig. 5.14; basin elevation of ~1600 m) and the Calchaquí Valley
(basin elevation at ~1900 m and higher; Fig. 5.2b) the amount of precipitation decreases from ~0.5 m/yr
to <0.25 m/yr. This observation strikingly resembles the Clausius-Clapeyron onlymodel scenario of Roe
et al. (2002). Furthermore, these authors document a feedback between reduced uphill precipitation and
steady state river profiles (in their case driven by tectonic uplift). In the Salta foreland, however, we docu-
mented above that the elevation difference between neighboring basins or even neighboring depocenters
within one basin may also increase due to upstream sediment trapping. Thus, reduced precipitation at
higher elevation reduces the efficiency of fluvial incision processes and thus promotes sediment trapping
(Sobel et al., 2003), which raises upstream basin elevation and thus further reduces precipitation. This
constitutes a positive feedback.
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Figure 5.12–Conglomerate composition andprovenance signatures. (a)GuanacoFormation conglomerates are dis-
tinguishable from those of the Piquete and La Troja formations on the basis of the contribution of plutonic clasts
with a Puna border provenance (the difference between Puna border derived high-grade metamorphic clasts and
low-grade metamorphic Puncoviscana basement is not resolved here; this difference would make the Guanco con-
glomerates even more distinct). (b) Piquete and La Troja Formation conglomerates covary with the position of the
El Toro lineament of the central EC ranges (see section 5.4.2). La Troja Formation conglomerates tend to contain
proportionally more clasts from synrift (i.e., Cretaceous) or Paleozoic sedimentary cover than do Piquete Forma-
tion conglomerates or modern streambed loads, which we interpret as indicating range/source uplift followed by
progressive unroofing. Clast count stations and details are listed in Table F.1. For details on the provenance of the
La Troja Formation and specific marker lithologies see section 5.4.2.3.

One additional, potentially important interaction between intermontane sediment storage and pre-
cipitation may operate in the Puna plateau where long-term internal drainage conditions have resulted
in essentially completely sediment-filled basins (e.g., Alonso et al., 1991; Vandervoort et al., 1995; All-
mendinger et al., 1997). The trapped sediment reduces the basin-to-range elevation difference and thus
covers tectonically created relief (e.g., Sobel et al., 2003; Strecker et al., 2009, Fig. 5.13). One may spec-
ulate that the below-threshold internal relief of the plateau prevents orographic rainout related to the
atmospheric gravity wave updraft at the 4-5 km high ranges shown in Fig. 5.14.

5.5 Discussion

Our records from the Salta foreland include all important elements and characteristics of the complex
history of broken foreland systems. In addition, our analysis provides insight into the conspiring role
of tectonics and climate in determining the temporally and spatially disparate evolution of sedimentary
basins in this environment. Both aspects are discussed below in greater detail.
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5.5.1 Tectonic fragmentation of the foreland basin

The restricted marine Anta Formation deposited during the Miocene Paranense transgression (Ramos
& Alonso, 1995; Hernández et al., 2005) provides an important time line during which the foreland sys-
tem was still a contiguous entity with little relief (Fig. 5.15d). The eastern Puna margin was the sedi-
ment source for the strata constituting the Angastaco and Palo Pintado formations of the westernmost
EC, which were deposited in an unrestricted foreland (Díaz &Malizzia, 1984; Starck &Anzótegui, 2001;
Coutand et al., 2006). However, during that time the establishment of internal drainage on the Puna
Plateau was underway (e.g., Alonso et al., 1991; Vandervoort et al., 1995). Tectonism in the western
EC (Coutand et al., 2006; Deeken et al., 2006) and a transition to more moist conditions (Starck and
Anzótegui, 2001) led to facies-belt progradation toward the foreland, establishing the upward coarsening
and thickening trend during the deposition of the Metán Subgroup and the Guanaco Formation (Fig.
5.3). The transition between theMetán and Jujuy subgroups in the eastern EC and SBS is marked by the
uplift of the Durazno, Runno, and Negro ranges in the western EC (~13 Ma, Coutand et al., 2006), and
the Sierra Metán (and potentially the Ovejeria Range) at the EC/SBS transition (Cristallini et al., 1997;
Gonzalez Villa, 2002; Hain, 2008; Strecker et al., 2009, Fig. 5.15c). These events may correlate with the
establishment of the low-amplitude angular unconformity in the Lerma Valley (Fig. 5.7). The difference
in preserved thickness of the coeval Guanaco Formation between the eastern EC (0-900 m) and the SBS
(>2000 m, Gebhard et al., 1974; Vergani & Starck, 1988, 1989a; Gonzalez Villa, 2002) potentially reflects
this deformation episode, whichmay have been accompanied by the coalescence of localized depocenters
adjacent to the uplifting basement ranges. The areally extensive Guanaco Formation megafan deposits
derived from the Puna margin signify an essentially contiguous depositional system. The partitioning
of deformation between the far western EC along the Puna margin (e.g., Coutand et al., 2006) and the
uplift of an isolated sediment source at the EC/SBS boundary (i.e., Sierra Metán, Hain, 2008; Strecker
et al., 2009, this study) constitutes a highly disparate pattern of deformation at ~10Ma (Fig. 5.15c).

Significant compartmentalization of the foreland basin system occurred with the uplift of the central
EC ranges at ~5Ma, which altered three important aspects of the basin characteristics and surface process
dynamics (Fig. 5.15b): (1) the EC was segmented into a western and an eastern depozone (the Calchaquí
andLerma valleys, respectively), (2) the conglomerate compositions of the coeval Piquete (eastern EC and
SBS) and San Felipe formations (western EC) differ considerably, as sediment export from thewestern EC
became restricted or eventually ceased entirely, and (3) the uplifted ranges of the central EC eventually
acted as an efficient orographic barrier causing aridification and transient internal drainage, or at least
reduced fluvial connectivity between the leeward intermontane basins in thewestern EC and the foreland
(Coutand et al., 2006). However, the Sierra deMojotoro (Figs 5.2, 5.10, and 5.11) had apparently not yet
been uplifted at that time and the fluvial systems that drained the eastern EC (i.e., Piquete fans; Fig. 5.15b)
were unrestricted and remained connected with and exported sediment to the SBS.
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Figure 5.13 – (a) 3-km-radius relief and (b) mean annual rainfall (from TRMM – Tropical Rainfall Measurement
Mission). TRMMdata is averaged over 12 years (1998 to 2009) andprocessingmethodology is described inBookha-
gen & Strecker (2008) and Bookhagen & Burbank (2010). Black rectangles outline swath profile locations. White
rectangle outlines the location of Fig. 5.2. The eastern border of the internally drained Altiplano-Puna Plateau is
marked by the dashed white line; the width of rivers is scaled by drainage area.

Our newdata helps identify the regional pattern of early Pliocene foreland fragmentation of the north-
ern Sierras Pampeanas and the EC, but notably not the SBS. The contact between the Palo Pintado and
the San Felipe formations, established as slightly younger than 5.27 ± 0.28 Ma (Coutand et al., 2006) in
the transition between thewestern EC and the Sierras Pampeanas, corresponds tomagnetic reversal strati-
graphic constraints on the transition between the Guanaco and Piquete formations in the eastern EC at
<~6.9Ma (Viramonte et al., 1994; Reynolds et al., 2000) and the SBS at ~5Ma (Reynolds et al., 1994,
2000). Moreover, in the northern Sierras Pampeanas uplift of the Aconquija and Calchaquíes ranges af-
ter 6Ma (Sobel & Strecker, 2003), and of the Sierra de Quilmes after 5.4Ma (Mortimer et al., 2007),
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are broadly coeval with fragmentation of the Salta foreland. Within the western EC, folding and subse-
quent erosion of the San Felipe Formation in the northern Calchaquí Valley took place before 2.4Ma, as
evidenced by a pyroclastic deposit that overlies paleotopography sculpted into the San Felipe Formation
north of the town of Angastaco; these deposits are in turn overlain by Quaternary alluvial fan conglom-
erates (Strecker et al., 2007a). Similarly, in the Santa María basin to the south the entire Mio-Pliocene
Santa María Group was deformed between 3.4 and 2.5Ma (Strecker et al., 1989; Bossi et al., 2001).

The latest stage of foreland fragmentation in the SBS and EC began during the Quaternary and is
still locally ongoing (Fig. 5.15a). For example, the Vaqueros/San Lorenzo anticlines (Fig. 5.10) and the
LomasdeOlmedo anticline in the far northeastern sector of the SBS (Ramos et al., 2006) have experienced
neotectonic deformation. Also pertaining to this episode, without evidence for Holocene deformation,
are the uplift of the Sierra de Mojotoro and the accompanying intrabasin inversion of the Lerma Valley
(eastern EC) and the SBS. For example, syndeformational to postdeformational deposits of the La Troja
Formation have a strong compositional affinity to local sediment sources such as the central EC ranges
or the ranges that separate the EC from the SBS (see section 5.4.2.3). Because uplift of the central SBS,
including the Gonzalez, Lumbrera, San Antonio and Gallo ranges (Fig. 5.2b), was structurally related to
the deformation within the adjacent basins, where the Piquete Formation was being folded (e.g., Kley &
Monaldi, 2002), we suggest that these range-bounding faults also became active during the Quaternary
(Fig. 5.15a). In addition, the unconformable alluvial fan deposits in the Mojotoro range piedmont (Fig.
5.11) record the unroofing of that range during the Quaternary. Angular unconformities and growth
strata separating the Piquete and La Troja formations have also been noted by Salfity et al. (2004) and
Carrera & Muñoz (2008), leading them to propose a Quaternary deformation phase. Deformed basin
fills and strath terraces in the Quebrada del Toro of the central EC (Hilley & Strecker, 2005; Marrett &
Strecker, 2000) , the SantaMaría Basin (Strecker et al., 1989) and other adjacent areas (Ramos et al., 2006;
Carrera & Muñoz, 2008) further attest to Quaternary tectonic activity. Thus, Quaternary deformation
is partitioned across the entire width of the Salta foreland.

Although the ranges of the central SBS reduce the fluvial connectivity between the SBS and the open,
undeformed Chaco foreland, protracted internal drainage conditions related to tectonically controlled
hydrologic isolation, such as in the western EC and the Sierras Pampeanas (e.g., Mortimer et al., 2007;
Strecker et al., 2007a), were apparently not established. TheLermaValley, however, experienced extensive
transient deposition of lacustrine sediments, well above the current base level of the SBS and the Chaco
foreland (Malamud et al., 1996) at present-day elevations of 1100 m, 800 m and 300 m, respectively.

5.5.2 Tectonics, climate& sedimentation

Given the subtropical latitude (~25° S) of the Salta foreland a perennial dry climate associated with de-
scending air of the Hadley cell may be expected. Today, however, seasonal winds (i.e., the South Ameri-
canMonsoon System) import tropical moisture to the region during the austral summer (e.g., Garreaud
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et al., 2003; Vera et al., 2006a; Seluchi et al., 2003; Insel et al., 2009). This highly seasonal climate pattern
is thought to have persisted in the southern central Andes since 10-8Ma (Strecker et al., 2007a,b; Mulch
et al., 2010, Fig. 5.16), probably related to uplift of the Andes (Strecker et al., 2007a; Ehlers & Poulsen,
2009; Insel et al., 2009; Poulsen et al., 2010). Below, we specifically consider the evolution of the local
effects on climate patterns that caused the establishment of the present-day basin-to-basin gradients in
moisture supply, rather than regional climate trends/shifts. Along these lines, we caution (1) that secu-
lar changes affecting subtropical (i.e., regional) climatic conditions since the establishment of the South
American Monsoon are unresolved by our treatment and (2) that proxy-based paleoclimate reconstruc-
tions fromdistant locations (e.g.,Mulch et al., 2010)maynot fully capture thehistory of externalmoisture
supply to the Salta foreland.

The twomechanisms for hinterland aridification that we identified in the Salta foreland (section 5.4.4)
have important implications for sediment dynamics: reducedmoisture reaching the intermontane basins
lowers the efficiency of fluvial erosion processes where rivers traverse the bedrock of the uplifting ranges
(e.g., Roe et al., 2002; Sobel et al., 2003; Hilley & Strecker, 2005) such that sediment storage within the
orogen is favored over fluvial connectivity. We find that this dynamic may also apply to basins that are
not separated by ranges exposing bedrock (i.e., Calchaquí and SantaMaría valleys). Sediment trapping in
the hinterland raises the mean basin elevations and leads to further hinterland aridification. This clearly
creates a positive feedback between aridification, severed drainage, and sediment storage. In this inter-
related tectonic and climatic context, the stratigraphic record of the broken foreland as a whole and the
spatiotemporal distribution of provenance signals in particular, may be reconciled.

First, with the onset of the South American Low Level Jet as an integral part of the South Amer-
ican Monsoon (e.g., Garreaud, 1999; Vera et al., 2006a,b) between 10 and 8Ma citepStrecker:2007fy,
Strecker:2007ws, Mulch:2010bz, seasonal moisture supply to the eastern flank of the Puna Plateau was
largely unrestricted (e.g., Starck & Anzótegui, 2001; Kleinert & Strecker, 2001; Alonso et al., 2006;
Coutand et al., 2006; Strecker et al., 2007a; Vezzoli et al., 2009, Fig. 5.16c). In southernmost Bolivia this
coupling is expressed in increased sedimentation rates and the formation of fluvial megafans (Horton &
DeCelles, 2001; Leier et al., 2005;Uba et al., 2005, 2007, 2009). We infer that these changing climatic con-
ditions also produced the Guanaco Formation megafan in the Salta foreland, which preserves the Puna
border provenance signature across a depozone covering distances in excess of 100 km (Fig. 5.16c). The
isolated uplift of the SierraMetán in the foreland provided an important local sediment source. However,
(1) it did not constitute a laterally continuous orographic barrier, and thus could not prevent moisture
from reaching the Puna border, and (2) it did not significantly restrict sediment export from the hinter-
land (Fig. 5.16c).

Second, at about 5Ma, uplift of the central EC ranges intercepted sediment export from the western
EC (Calchaquí Valley) promoting local sediment storage (e.g., Kleinert & Strecker, 2001; Strecker et al.,
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Figure 5.14 – Topography (black), 3-km-radius relief (red), and rainfall (blue) swath profiles; see Fig. 5.13 for swath
locations. Swaths are 50 km (10 rainfall pixels) wide and 500 km long. Note the relationship between elevation,
relief, and rainfall: in the northern swath (swath 1), the moderate elevation and low relief of Mojotoro Range does
not result in an efficient moisture barrier. However, Aconquija Range in swath 3, with an elevation >2700 m and
laterally continuous high relief, is an efficient orographic barrier. CV–Calchaquí Valley; LV–Lerma Valley; MV–
Metán Valley; SMV–Santa María Valley; RV–Rosario Valley.

2007a). Consequently, throughout the eastern EC and the SBS the Puna border provenance signal was re-
placed with that of the central EC, suggesting that sediments derived from the Puna border were trapped
in the hinterland rather than exported to the foreland (Fig. 5.16b). Orographic precipitation along the
central EC ranges caused sediment transport and deposition of the Piquete Formation alluvial fans, which
were smaller than the Guanaco megafan but still extended from the central EC ranges into the SBS (>60
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Figure 5.15 – (a-d) Schematic overview of the Neogene fragmentation history of the Salta foreland, corresponding
to the geographic extent of Fig. 5.2. CV–Calchaquí valley; LV–Lerma valley

km; Fig. 5.16b). Between 3.4 and 2.4Ma continued uplift of the central EC ranges caused an effective
orographic barrier with abovethreshold relief, shielding the Calchaquí Valley from easterly moisture sup-
ply and thus giving rise to the modern arid conditions in the western EC ((e.g., Coutand et al., 2006),
which reduced fluvial transport capacity and thus further promoted sediment trapping and aridity in the
Calchaquí Valley.

Third, Quaternary deformation has topographically isolated the LermaValley but has not yet resulted
in an efficient orographic barrier capable of intercepting incoming easterly moisture-bearing winds (Fig.
5.16a). Nevertheless, sediments shed from the central EC into the Lerma Valley are stored in kilometer-
scale alluvial fans and synclines related to basin inversion. ThisQuaternary sediment storage in the eastern
EC contributes a significant fraction to the ~300m elevation difference between the LermaValley and the
SBS (Figs 5.2b and 5.14a). We suggest that the modern conditions of the Lerma Valley (eastern EC) are
analogous to the Calchaquí Valley (western EC) after ~5Ma and before 3.4 to 2.4Ma; in both cases topo-
graphic isolation caused intermontane sediment trapping rather than export, and incomplete orographic
shielding allowed for moisture to penetrate into the hinterland.

With respect to the dynamics of the adjacentAltiplano- Puna Plateau it is interesting to note that, with
the late Miocene to Pliocene onset of the modern plateau precipitation regime (i.e., critical relief condi-
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Figure 5.16 – (a-d) Schematic overview synthesizing the relationship between tectonic forcing, hinterland aridifica-
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humid conditions at 10 to 8Ma is related to the onset of the South American monsoon (Strecker et al., 2007a,b;
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tions along the plateau margin), none of the basins created by foreland fragmentation have been perma-
nently isolated from the drainage system, one proposedmode of lateral plateau growth (Sobel et al., 2003;
Barnes & Ehlers, 2009). In this regard one might speculate that, instead of facilitating the expansion of
the plateau, the progressive hinterland aridification and associated sediment infilling achieved by foreland
fragmentation preserves the present Puna border by guarding it from headwater erosion.

5.6 Summary& conclusion

In this study we have presented new stratigraphic, structural and climate observations that elucidate the
relationships between tectonic forcing, precipitation patterns, and sediment dynamics of the broken Salta
foreland in the southern central Andes. These observations argue for a three-phase history of progressive
foreland compartmentalization: (1) at ~10Ma uplift was partitioned between the western EC and the
EC/SBS boundary, (2) at ~5Ma uplift of the central EC ranges topographically isolated the western EC
intermontane basin, and (3) since ~2Ma diachronous deformation was partitioned across the entire fore-
land and has topographically isolated the eastern EC intermontane basin. The Quaternary deformation
phase is ongoing. This first-order description of the timing and location of deformation provides hitherto
unavailable constraints on the evolution of the Salta foreland domain.

We document evidence for progressive storage of sediment in the hinterland intermontane basins,
which appears to be aggravated by both tectonic ponding of the drainage system and orographically in-
duced hinterland aridity (see Fig. 5.16). Importantly, if sediments are trapped within rather than being
exported from the orogen, they contribute to surface uplift in the basins and increase the topographic
load. Herein, we identify basin elevation as one controlling factor of hinterland aridification, which sug-
gests that intermontane sediment storage feeds back on basin-to-basin precipitation gradients. Further-
more, sediment trappingmay also feedbackondeformationbecause topographic loading raises lithostatic
stress and causes deformation to propagate into the foreland. Overall, this study adds detail to the exist-
ing model of climate/tectonics interactions by providing specific examples of basin-scale and intrabasin
sediment trapping even in the absence of internal drainage conditions.

Supporting information

Summary of U–Pb and U–Th zircon analytical data of volcanic ash samples in the Lerma Valley using
CAMECA IMS 1270 ion microprobe at UCLA and conglomerate clast count data can be found in the
appendix (see Appendix E and F).
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Abstract
In the south-central Andes of NWArgentina the orogenic Puna Plateau and the intermontane basins and ranges
along its eastern flank constitute valuable archives that furnish spatiotemporal information on the uplift of the
orogen and ensuing paleoenvironmental changes. Presently, rainfall in NWArgentina is focused along the
windward flanks of the Eastern Cordillera and the Sierras Pampeanas and Santa Bárbara ranges of the broken
foreland, while their intermontane basins and the Puna Plateau represent high-elevation regions with decreasing
rainfall in westward direction. As in many other mountain belts this pronounced hydrologic and topographic
gradient is reflected in the stable isotope composition of meteoric water. However, south of ca. 26° S the
commonly observed relationship between stable isotope fractionation in modern stream water and elevation does
not exist related to the presence of plateau-crossing westerly winds. Descending across the Puna margin this
airflow causes an inversion with underlying humid air masses sourced to the east. In such a setting most of the
annual rainfall is released during extreme hydrological events (i.e., deep-convective storms) governed by
non-systematic fractionation processes. In light of the non-systematic present-day isotope characteristics, proxy

*Manuscript in preparation
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materials retrieved from older basin strata may record environmental change forced by tectonic processes that are
ultimately responsible for these conditions. Here, we present isotopic data of volcanic glass (δDg), extracted from
volcanic ash deposits interbedded with strata in different sedimentary basins along the eastern flank of the Puna
Plateau. Combined with zircon U–Pb and (U–Th)/He geochronology, our data show clear variations in δDg

within the Angastaco Basin that track topographic growth, associated orographic effects and ensuing changes in
atmospheric circulation patterns during the Mio-Pliocene.

6.1 Introduction

One of the most outstanding questions in the fields of tectonics and paleoenvironmental studies is how
topography in mountain belts and rifts evolves over time (e.g., England & Molnar, 1990; Montgomery
et al., 2001; Reiners et al., 2003; Sepulchre et al., 2006; Petit et al., 2007;Wichura et al., 2010). This topic
is of great interest to the geological, paleontological and geodynamic modeling communities, because
answering this question may help deciphering potential feedback loops between surface uplift and cli-
mate change, associated erosion and sedimentation patterns (e.g., Sobel et al., 2003; Alonso et al., 2006;
Strecker et al., 2007a; Hilley & Coutand, 2009), but it is also relevant for the formation of supergene
metallogenic deposits, and resource generation (e.g., Arancibia et al., 2006; Bissig &Riquelme, 2010). In
addition, as the process of surface uplift inmountain belts is often intimately coupledwith changes in the
amount and distribution of rainfall, spatiotemporal surface-uplift patterns are key to understanding pa-
leoenvironmental conditions, andmay consequently help to unravel speciation pathways or geogenomic
characteristics in evolutionary biology (Baker et al., 2014). The spatiotemporal evolution of the morpho-
tectonic provinces comprising the southern central Andes illustrates these challenging issues very well.
This region hosts the second largest Cenozoic orogenic plateau on Earth, high, plateau-flanking moun-
tain ranges, and a foreland region characterized by broken sectors with individual basement-cored uplifts
and adjacent fold-and-thrust belts. In addition, this part of the Andean orogen is impacted by easterly,
moisture-bearing winds that impinge on the eastern flanks of the plateau resulting in pronounced cli-
matic gradients across the mountain belt. The Altiplano-Puna Plateau has an average elevation of 3.7 km
and constitutes one of the most important orographic barriers in the southern hemisphere (Isacks, 1988;
Allmendinger et al., 1997) and creates pronounced rainfall and surface-process gradients from east towest
(e.g., Bookhagen & Strecker, 2008, 2012). While the eastern plateau flanks are humid with rainfall up to
3,000mm/yr and relatively high denudation rates, the orogen interior is semi-arid to arid and transitions
into one of the driest deserts known across the western flanks, where denudation rates are extremely low
(Nishiizumi et al., 2005; Bookhagen & Strecker, 2012). In the past, various plateau-evolution models
have been proposed for the Andes (Isacks, 1988; Allmendinger et al., 1997; Barnes & Ehlers, 2009), but
timing and style of plateau uplift and the flanking ranges remain controversial (e.g., Garzione et al., 2006;
Schildgen et al., 2007; Garzione et al., 2008; Ehlers & Poulsen, 2009; Barnes& Ehlers, 2009;Mulch et al.,
2010; Quade et al., 2015).
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In addition to classical stratigraphic and paleontological approaches in deciphering plateau uplift (e.g.,
Wolfe et al., 1997; Gregory-Wodzicki, 2000; Schildgen et al., 2014), stable-isotope paleoaltimetry based
on sedimentary strata recording changes in topography and hydrography has become an indispensable
instrument for the reconstruction of surface uplift of orogenic plateaus and their flanks (e.g., Chamber-
lain et al., 1999; Garzione et al., 2000, 2004; Rowley et al., 2001; Rowley&Garzione, 2007; Quade et al.,
2007; Mulch & Chamberlain, 2007; Mulch et al., 2008; Hoke & Garzione, 2008; Garzione et al., 2008;
Mix et al., 2011; Pingel et al., 2014). Typically, stable isotope ratios based on paleorecords are compared
with present-day isotopic compositions of surface waters or modeled δ-values in precipitation assuming
Rayleigh condensation of an adiabatically ascending air mass (e.g., Rowley et al., 2001), for which the
elevation is known. However, among the many assumptions often required to interpret paleoaltimetry
results, amajor problem in correctly assessing environmental change due to uplift is the complex interplay
between surface uplift, atmospheric circulation, and orographic rainfall (e.g., Mulch et al., 2006; Gébe-
lin et al., 2013). This combination of processes affects the isotopic composition of rainfall, and hence,
paleoelevation reconstructions (e.g., Garzione et al., 2006, 2008; Quade et al., 2007; Rohrmann et al.,
2014; Pingel et al., 2014; Poulsen et al., 2010; Ehlers & Poulsen, 2009; Blisniuk & Stern, 2005; Cham-
berlain et al., 2012). Moreover, previous paleoaltimetry studies have often focused on orogen interiors,
while comparable work in adjacent regions appears under-represented. This is, however, very important
because moisture transport and the isotopic composition of rainfall in the orogen interior are directly in-
fluenced by upwind changes in topography and rainfall patterns along the tectonically active mountain
fronts (e.g., Blisniuk et al., 2005, 2006). As a consequence, isotopic changes induced along the margins
(i.e., by atmospheric re-organization and changes in isotopic lapse rates)may remainundetected inplateau
environments or theywill not be interpreted as such, which could lead to considerable errors in determin-
ing paleoelevations (e.g., Mulch et al., 2010; Insel et al., 2012b). In light of the topographic and climatic
gradients in most mountain belts, this problem is thus relevant for the plateau interiors and adjacent
plateau flanks in the southern central Andes, and it is here, at the intersection of tectonic surface uplift,
ensuing changes in rainfall and environmental conditions, wheremore detailed paleoaltimetry studies are
needed.

Here, we present a hydrogen stable-isotope record from hydrated volcanic glass (δDg) that has been
extracted from abundant volcanic ash-fall deposits intercalated in Mio-Pliocene sedimentary rocks the
intermontane Angastaco Basin and basins farther south between 25 and 28° S. A previous study in this
area using this technique is based on limited data and argues for the existence of present-day elevations
since at least lateMiocene time (Carrapa et al., 2014), a notion that is supported by geological observations
across the southern flank of the Puna Plateau (Montero-López et al., 2014). Our detailed δDg record,
however, suggests paleoenvironmental change along the eastern Andean flanks caused by interactions of
topographic growth andmoisture supply into the orogen, whereas a comparison of our glass record with
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stable isotope data from the Puna Plateau to the west (Canavan et al., 2014; Carrapa et al., 2014; Quade
et al., 2015) additionally furnishes the possibility to view some of the δDg variability observed in the
Angastaco Basin in the context of changing atmospheric and rainfall patterns and closely related changes
in stable isotope fractionation.

6.2 Geological setting

The southernCentral Andes of northwesternArgentina record a complex geological history from the late
Proterozoic to thePresent. The geological evolution ranges fromcontinental accretion and amalgamation
of terranes with Proterozoic shields, to an extensional setting with rift-basin development at the end of
theMesozoic, and finally to compressional orogeny, induced by the subduction of the oceanicNazca plate
below the South American continent (e.g., Jordan et al., 1983; Marquillas & Salfity, 1988; Ramos, 1988;
Grier et al., 1991; Ramos, 2008). During the Cretaceous and early Paleogene, extended areas in north-
westernArgentina and southern Boliviawere affected by extensional processes and deposition of the Salta
Group, comprising the Pirgua, Balbuena, and Santa Bárbara subgroups (e.g., Marquillas & Salfity, 1988;
Marquillas et al., 2005). First evidence for the onset of Cenozoic Andean shortening is constrained by
late Eocene-Oligocene deformation in the area of the present-day Puna Plateau and regions farther east
(Kraemer et al., 1999;Deeken et al., 2006; Coutand et al., 2006;Hongn et al., 2007). Late Eocene red beds
of the Quebrada de los Colorados Formation and equivalent strata were deposited in a contiguous An-
dean foreland basin, extending across an area that presently constitutes the Puna Plateau and the Eastern
Cordillera (e.g., Jordan&Alonso, 1987; Deeken et al., 2006). Oligocene-Pliocene deformation and range
uplift in those regions subsequently was characterized by diachronous compartmentalization of the An-
dean foreland, hydrologic isolation of the plateau region, and elevated intermontane basins aligned along
its eastern margins (Kraemer et al., 1999; Carrapa et al., 2005; Deeken et al., 2006; Strecker et al., 2009).

The intermontane Angastaco Basin is an integral part of theN-S oriented Calchaquí valley at ~25.5° S,
at an elevation ranging from approximately 1.7 to 2.2 km (Fig. 6.1). To the west, the Cumbres de Lura-
catao and a number of other reverse fault-boundedmountain ranges (Quílmes, Durazno, Runno, Cachi)
separate the internally drained Puna Plateau in the western interior of the orogen from the externally
drained intermontane basins of the Eastern Cordillera. To the east the basin is limited by the Sierra de los
Colorados and Sierra LeónMuerto ranges. Presently, the basin is drained by theRíoCalchaquí, which, af-
ter the confluence with the northward flowingRío SantaMaría, exits the region as theRío de las Conchas
into the adjacent Lerma valley through a structurally controlled bedrock gorge.

As many other intermontane basins in NW Argentina, the Angastaco Basin contains a rich sedimen-
tary record documenting a protracted paleoenvironmental and structural evolution of Cenozoic shorten-
ing. The onset of Cenozoic contraction at this latitude is constrained by Eo-Oligocene deformation along
thepresent-dayPunamargin (Kraemer et al., 1999;Deeken et al., 2006;Coutand et al., 2006;Hongn et al.,
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Figure 6.1 – (a) Morphotectonic map of southern Central Andes showing mean annual rainfall derived from Na-
tional Aeronautics and Space Administration Tropical Rainfall Measurement Mission (after Strecker et al., 2007)
andmainmoisture transport (white arrow) to the study area (black box). EC–EasternCordillera, SFTB–Subandean
fold-thrust belt; SBS–Santa Bárbara system. (b) Digital elevation model with sample locations of our radiomet-
rically dated Mio-Pleistocene volcanic ash samples (red, this study) and previously published ash samples (white,
Canavan et al., 2014; Carrapa et al., 2014;Quade et al., 2015) from across the southernCentral Andes south of 25° S.
White box indicates location and extend of Figure 6.2. White letters indicate basins: H–Humahuaca; T–Toro; L–
Lerma; C–Calchquíes (including the Angastaco Basin); SM–Santa María; CAJ–El Cajón; CQ–Corral Quemado;
F–Fiambala. Black letters indicate mountain ranges discussed in the text: Ca–Sierra Cachi; Lu–Cumbres de Lu-
racatao; Co–Sierra de los Colorados; L–Sierra León Muerto; Qm–Sierra Quilmes; Cc–Cumbres Calchaqíes; Aq–
Sierra Aconquija; Cr–Sierra Chango Real.

2007). Deposition in the Angastaco area commenced during the late Eocene with redbeds of the Que-
brada de los Colorados Formation that were deposited into a contiguous foreland basin (Deeken et al.,
2006; Jordan&Alonso, 1987). By ~22.5-21Ma, deformation along the present-day Punamargin resulted
in structural separation of the Puna from the foreland after ~20Ma (Deeken et al., 2006; Coutand et al.,
2006; Galli et al., 2014). The Nevado de Cachi range (Fig. 6.1) started exhuming around 15Ma (Deeken
et al., 2006; Pearson et al., 2012). By ~14Ma fluvial sandstones and conglomerates of the Angastaco For-
mation, mainly sourced from the uplifting Cumbres de Luracatao, were unconformably deposited onto
older sedimentary units (Coutand et al., 2006; Deeken et al., 2006; Galli et al., 2014). This unconformity
is not only found along the western basin margin, but also in the elevated Amblayo and Tonco areas to
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Figure 6.2– (a) Satellite image of the studiedAngastacoBasin andneighboring basins and ranges showing simplified
range-bounding structures and locations of our volcanic glass hydrogen stable isotope samples (red, this study) and
previously published samples from the Angastaco and Lerma basins (white, Carrapa et al., 2014). (b) Schematic
geological cross section after Coutand et al. (2006) andDeeken et al. (2006) showingmajor basins and ranges across
Figure 6.2A. Clouds indicate regions of enhanced orographic precipitation.

the east of the present-day basin (Fig. 6.2), implying at leastmid-Miocene deformation and erosion in the
area of the Sierra de losColorados and Sierra deLeónMuerto ranges (Galli et al., 2014). Additionally, clast
provenance in the Tonco area is associated with westward paleocurrent directions in the Angastaco For-
mation by ~10Ma (Galli et al., 2014). This supports the existence of local topography in the region at that
time, which is confirmed by rapid exhumation of the Sierra de los Colorados since ca. 12-10Ma and the
Sierra LeónMuerto since ca. 8-6Ma (Carrapa et al., 2011). To the west, apatite fission-track data records
exhumation of the Quílmes, Durazno, and Runno ranges between 12 and 7Ma, which is corroborated
by clast provenance and detrital apatites in the Angastaco Formation (Deeken et al., 2006; Coutand et al.,
2006). The Angastaco Formation is overlain by fluvial mud- and sandstones of the Palo Pintado Forma-
tion (ca. 9-5.2Ma,Marshall et al., 1983; Coutand et al., 2006; Bywater-Reyes et al., 2010). Sedimentolog-
ical evidence and fossil content suggest that parts of this unit were deposited during (sub-)tropical humid
conditions, characterized by north to northeast draining, low-energy river systems, swamps, and small
lakes (e.g., Starck & Anzótegui, 2001; Galli et al., 2014). Clast provenance from the neighboring Lerma
Basin to the east (Guanaco Formation) generally attests to fluvial connectivity between the two basins
(Hain et al., 2011), although active structures and probably related topography in the region presently
separating the basins, may have severed fluvial connectivity. Deposition of the overlying Lower San Fe-
lipe Formation by 5.2Ma (Bywater-Reyes et al., 2010) followed an episode of basin-internal deformation,
as documented by a major unconformity (Carrera &Muñoz, 2008). This was coeval with the disappear-
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ance of Puna-derived metamorphic and volcanic clasts in the Lerma Basin (Hain et al., 2011). These ob-
servations document the separation of the two regions by a continuous topographic barrier east of the
Angastaco Basin. This interpretation is supported by the appearance of clasts from the Cretaceous Salta
Group within sections of the San Felipe Formation in the Quebrada Salta, near the present-day east-
ern basin margin that are associated with west- to southwest-oriented sediment transport from source
regions within the Sierra de los Colorados and Sierra de León Muerto ranges (Galli et al., 2014). By ca.
4Ma the conglomerates of theUpper San Felipe Formation record amorewidespread appearance of east-
erly derived clasts (Bywater-Reyes et al., 2010). Moreover, sedimentological evidence suggests the onset
of arid conditions associated with orographic effects along the eastern basin-bounding ranges (Starck &
Anzótegui, 2001; Coutand et al., 2006). Subsequently, shortening in the Eastern Cordillera has led to
basin-internal deformation and erosion marked by a regional unconformity with overlying Quaternary
conglomerates (reviewed in Coutand et al., 2006). Later, these gravels were partially eroded and removed
from the basin, suggesting renewed fluvial connectivitywith the foreland that characterizes theAngastaco
Basin today.

6.3 Climatic conditions

The Andes constitute one of the most important orographic barriers in the southern hemisphere, im-
pacting atmospheric circulation, rainfall, and surface processes (e.g., Bookhagen& Strecker, 2008, 2012).
Regional easterly winds associated with the South AmericanMonsoon transport large amounts of mois-
ture from the southern tropical Atlantic Ocean across the Amazon Basin and towards the eastern flanks
of the Andes, where orographic and atmospheric effects cause a southward deflection to form the South
American low-level jet (Fig. 6.3A). During austral summer (December to February) this low-level jet fol-
lows a narrow pathway along the eastern margin of the orogen and transports significant amounts of
moisture deep into the otherwise arid subtropical regions of the South American continent (e.g., Vera
et al., 2006a). This accounts for more than 80 percent of the annual rainfall along the Andean foothills
and the orogen interior of southern Bolivia and northwesternArgentina (e.g., Prohaska, 1976). Westward
transport of these air masses across the Andes results in enhanced orographic rainout along the eastern
flanks and progressively reduced rainfall in the orogen interior (Bookhagen & Strecker, 2008). In north-
western Argentina this is expressed in annual rainfall of more than 1,000mm/yr along the eastern flanks
of the Eastern Cordillera and Sierras Pampeanas morphotectonic provinces, and less than 200mm/yr in
the orogen interior of the internally drained Puna Plateau (Fig. 6.1A). In addition, the subtropical regions
east of the Andes are characterized by a seasonally N-S shifting, high-level westerly wind system that con-
tinuously transports dry and cold air across the orogen (Garreaud et al., 2003). Downslope airflow along
the eastern flanks causes a capping inversion that prevents humid air of the South American low-level
jet from ascending, until the low-level jet is lifted to higher elevations due to its impingement with steep
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Figure 6.3 – (a) Generalized patterns of South American surface wind directions and moisture transport during
austral summer (Dec-Feb). Moisture in the study area at ca. 25° S is sourced from air formed over the Atlantic
Ocean and the Amazon Basin and transported across the continent. Upon arrival at the eastern flanks of the Andes
Mountainswinds are deflected to form the SouthAmerican low-level jet that flows south along theAndeanmargin.
(b) and (c) Conceptual model of interacting air flows south of 25° S (modified after Rohrmann et al., 2014), where
the descent of dry and coldwesterlies preventswet andwarmair of the low-level jet to rise until sufficient solar energy
is stored to break the capping inversion in-between. This causes strong vertical upward motion of moisture-laden
air and the formation of convective rainfall, which presently is the main source of meteoric water at this latitude
(Rohrmann et al., 2014).
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topography or when sufficient solar heating triggers rapid upwelling (Figs. 3B and 3C, Rasmussen &
Houze, 2011). This energy release may result in extreme hydro-meteorological events with heavy rainout
during deep convective storms, which presently seem to be the origin formost of the annual rainfall along
the subtropical easternAndes south of ca. 25° S latitude (Zipser et al., 2006; Romatschke&Houze, 2010,
2013; Rohrmann et al., 2014).

Geological evidence from the sedimentary record of marginal intermontane basins and in the foreland
sectors of southern Bolivia and northwest Argentina suggest that the South American low-level jet was
established between 10 and 8Ma, implying that the Andes had gained sufficient elevations at that time
(Starck &Anzótegui, 2001; Mulch et al., 2010). If recent global circulation models are correct, at least 50
percent (ca. 2 km) of the modern Andean elevations must have been attained during the late Miocene
(Insel et al., 2009). At present, neither the onset of a convective setting is known, nor is there evidence
for a former occurrence of this phenomenon.

6.4 Stable isotope& paleoaltimetry

Stable isotope compositions of oxygen and hydrogen of meteoric water often show a systematic relation-
shipwith elevation (e.g., Dansgaard, 1964). This is based on isotope fractionation during adiabatic expan-
sion of water vapor when moisture-bearing air masses pass over mountainous terrain. To first order, this
causes progressive cooling, condensation, and consequently, rainout, during which the heavy isotopes of
oxygen and hydrogen are progressively removed from remaining water vapor (Rayleigh condensation).
Several terrestrial materials incorporate meteoric water by specific isotope fractionation, preserving a sys-
tematically altered signal of the original isotopic composition of meteoric water (e.g., Friedman et al.,
1993b; Cerling et al., 1997; Koch, 1998; Chamberlain et al., 1999; Shane & Ingraham, 2002; Sachse et al.,
2012). In terrestrial settings, rhyolitic glass incorporates relatively large amounts of meteoric water and
saturates ca. 5-10 k.y. after its deposition (Friedman et al., 1993b; Mulch et al., 2008; Cassel et al., 2012;
Dettinger & Quade, 2015). This hydration process occurs systematically, whereby the final δDg repre-
sents an integrated signal of the meteoric water present during hydration that is preserved over geological
time scales, allowing for reconstructions of paleoenvironmental conditions and for an examination of
feedbacks between tectonic processes and climate (Friedman et al., 1993b;Mulch et al., 2008; Cassel et al.,
2012; Dettinger &Quade, 2015; Pingel et al., 2014).

A recent study of stable isotope compositions in surface water from across the eastern Puna margin
(between 22 and 28° S) has shown that specifics of hemisphere-scale atmospheric circulations, Andean
topography, and thermal characteristics of areally extensive intermontane basins along the plateaumargin
may result in considerable complexities in isotopic fractionation with elevation (Rohrmann et al., 2014).
For example, these authors showed that the relationship between elevation and hydrogen and oxygen sta-
ble isotopes inmodernwater changeswith increasing southern latitude. As a result, themodern hydrogen
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isotopic lapse rate south of ~26° S is unusually low (-2.5h/km) and not very robust, whereas the lapse
rate north of 26° S is at about -16h/km (Rohrmann et al., 2014; Dettinger & Quade, 2015). This devi-
ation from global average values south of 26° S has been related to non-systematic effects of atmospheric
convection in subtropical regions that interfere with orographic rainout along the eastern Andean flanks
(Rohrmann et al., 2014). In an attempt to estimate past environmental conditions and paleoelevations
it is therefore essential to determine whether or not the present-day characteristics existed previously and
how trends in stable-isotope fraction may have changed over time due to tectonic forcing. Clearly, not
taking these issues of non-systematic fractionation into account would lead to erroneous assessments of
paleoelevation at these latitudes.

6.5 Methods

6.5.1 Geochronology

6.5.1.1 LA-MC-ICPMS U–Th–Pb zircon dating

Zirconswere separated using standard crushing, heavy liquid, andmagnetic separation techniques. When
possible, 100 to 150 zircon grains per sample were handpicked, mounted in epoxy, and polished for U,
Th, and Pb isotope analysis using a Laser Ablation Multi-Collector Inductively Coupled Plasma Mass
Spectrometer (LA-MC-ICPMS), during two analytical sessions during September and December 2014,
at theUniversity ofCalifornia, SantaBarbara. Zircons fromthe first sessionweremappedusing a cathodo-
luminescence (CL) imaging system attached to a FEI Q400 FEG scanning electron microscope (SEM) at
the University of California, Santa Barbara operated at 10 kV accelerating voltage and a beam current of
0.5 nA. CL images revealed simple concentric zonation in the majority of zircons (Fig. G.1 and G.2).

Instrumentation for radiometric analyses consists of a Nu PlasmaMC-ICPMS and a 193 nmArF laser
ablation system. The analytical protocol is similar to that described by (Cottle et al., 2013; Cottle, 2014).
U–Th–Pb analyses were conducted for 15 sec using a spot diameter of 24µm, a frequency of 4Hz and
1.2 J/cm2 fluence. The 91500-reference zircon (1065.4 ± 0.6 Ma 207Pb/206Pb ID-TIMS and 1062.4 ± 0.8
Ma 206Pb/238U ID-TIMS, Wiedenbeck et al., 1995) was used to monitor and correct for mass bias as
well as Pb/U and fractionation. To monitor data accuracy, a secondary reference zircon GJ-1 (601.7 ±
1.3 Ma 206Pb/238U ID-TIMS age, 608.5 ± 0.4 Ma 207Pb/206Pb ID-TIMS age, Jackson et al., 2004) was
analyzed once every ~7 unknowns andmass bias- and fractionation-corrected based onmeasured isotopic
ratios of the primary reference zircon. Repeat analyses of GJ-1 yield a weighted mean 206Pb/238U age of
601.7 ± 1.0Ma, MSWD = 0.7 (n = 27) for the first analytical session and 603.2 ± 1.2Ma, MSWD = 1.2
(n = 67) for the second session. Data reduction, including corrections for baseline, instrumental drift,
mass bias, down-hole fractionation and uncorrected age calculations was carried out using Iolite version
2.5 (Paton et al., 2010). Data were corrected for common lead using the method of Andersen (2002).
The uncertainty on the 207Pb corrected age incorporates uncertainties on the measured 206Pb/238U and
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207Pb/206Pb ratios as well as a 2% uncertainty on the assumed common lead composition. Correction
for excess 230Th follows the method of Crowley et al. (2007) assuming Th/U[magma] = 4.0 ± 1.0. All
uncertainties are quoted at the 95% confidence or 2σ level and include contributions from the external
reproducibility of the primary reference material for the 207Pb/206Pb and 206Pb/238U ratios.

Due to significant pre-eruptive residence times and/or post-eruptive reworking most analyzed sam-
ples show a complex pattern of U–Pb zircon age distributions. Therefore, we systematically excluded
older ages from our calculations of an average zircon crystallization age. It has been documented that the
youngest population crystallization age precedes deposition by ~100 kyr (Schmitt et al., 2001). Hence,
we are confident to use the crystallization age of the samples as an approximation of the depositional age.
Most samples yielded consistent 206Pb/238Uages, as indicated by near-unity values for themean square of
weighted deviates (MSWD), suggesting only minor reworking. In some cases, however, only a small per-
centage of crystals defined a coherent young population; in these cases we have interpreted the 206Pb/238U
zircon age as the maximum depositional age. Results are summarized in Tables G.1 and G.2.

6.5.1.2 (U–Th)/He zircon dating

ZHe dating on primary volcanic zircons determines the age of cooling below the zircon-closure temper-
ature of ~130-160°C (Reiners, 2005), and therefore, produces reliable eruptional/depositional ages. Zir-
con (U–Th)/He (ZHe) analysis was performed at the Isotope Geochemistry Laboratory of the Univer-
sity of Kansas following methods described in (Wolfe & Stockli, 2010). After standard heavy-liquid and
magnetic separation procedures, eight euhedral and inclusion-free zircon crystals were hand picked and
wrapped in Pt foil. Single-grain aliquots were heated with a 20W Nd:YAG laser for 10 min at ~1,300°C
and repeatedly reheated to ensure complete He-degassing (>99%). Extracted gas was spiked with a 3He
tracer, cryogenically purified, and measured by isotope dilution on a quadrupole noble gas mass spec-
trometer. After He extraction, zircon grains underwent pressure vessel digestion procedure, including
spiking with an enriched 230Th, 235U, 149Sm and REE tracer, subsequent two-stage dissolution using (1)
a HF-HNO3 mixture for 72h at 225°C, and (2) 6N HCl for 12h at 200°C. All parent nuclide concen-
trations were measured by isotope dilution on a VG PQII quadrupole ICP-MS, comparing the spike
against a gravimetric 1 ppb U–Th–Sm–REE normal solution. ZHe ages were calculated using standard
alpha-ejection corrections (Farley et al., 1996). Age uncertainties of ~8% (2σ) are estimated from the re-
producibility of Fish Canyon Tuff zircon standard (28.4 ± 2.3 Ma, Wolfe & Stockli, 2010). Results are
summarized in Table G.3.

6.5.1.3 SIMS U–Pb zircon dating

Volcanic ash samples were crushed, sieved, and treated with standard heavy-liquid and magnetic sepa-
ration techniques to isolate zircon crystals. About 30 crystals per sample were handpicked, mounted in
epoxy, polished and cleaned, and then gold-coated for microprobe analysis. Crystals free of inclusions, or
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cracks were selected for U–Pb analysis using the CAMECA IMS 1270 ion microprobe at the University
of California in Los Angeles, following instrument setup and relative sensitivity calibrations described
in Grove et al. (2003) and Schmitt et al. (2003). The 206Pb/238U ages have been corrected for common
Pb and initial disequilibrium. U–Pb age uncertainties estimated from the reproducibility of AS3 zircon
(1099.1Ma Paces &Miller, 1993) are 2.2%. Results are summarized in Table G.4.

6.5.2 Hydrogen stable isotopes

Volcanic ash samples were crushed, sieved, and treated with 10% hydrochloric acid for 15 min and 5%
hydrofluoric acid for 30 sec in an ultrasonic bath to remove altered rims and adherent carbonate and
clay minerals. Subsequently, samples were rinsed with water and dried at max. 70°C. For separates that
needed further concentration, standardmagnetic and density techniques were applied. Glass shards (125-
250 µm) were handpicked using a cross-polarizing microscope. About 1.5 mg of each sample was packed
in silver cups, loaded, and released to a helium-purgedThermo-FinniganTC/EA (high-temperature con-
version/elemental analyzer) equipped with a Costech zero-blank auto sampler. The extracted sample gas
was admitted into a Thermo-Finnigan ConFlo III connected in continuous-flow mode to a Thermo-
Finnigan MAT 253 stable-isotope mass spectrometer. Five internationally referenced standard materi-
als and laboratory-working standards were run with our samples, random samples were duplicated and
tested for consistency, and the raw isotope data were corrected for mass bias, daily drift of the thermal
combustion reactor, and offset from the certified reference values. After correction, NBS30 (biotite),
CH-7 (polyethylene), and NBS22 (oil) reference materials yielded δD = -64.3 ± 0.8h, -104.5 ± 0.6h,
and -117.5 ± 1.1h, respectively. Repeated measurements of various standards and unknowns yielded a
precision of ± 3.0h for δDg. All isotope measurements were performed at the Joint Goethe University-
BiK-F Stable Isotope Facility, Frankfurt. All isotopic ratios are reported relative to V-SMOW (Vienna -
standard mean ocean water).

To compare ancient volcanic glass stable-isotope compositions with modern conditions, present-day
conditions were inferred from converting modern stream-water isotopic data from Rohrmann et al.
(2014) into a corresponding glass composition (δDgc) using the empirical glass-water fractionation equa-
tion of Friedman et al. (1993a). All δD results are summarized in Table H.1.

6.6 Results

6.6.1 U–Pb& ZHe geochronology

A single new U–Pb LA-ICPMS age estimate comes from a deformed section of the Guanaco Formation
in the Metán subbasin of the Lerma Basin, ca. 20 km north of the town of Metán. The youngest zircons
of this prominent volcanic ash (Ar-14-Ash-1) resulted in a mean U–Pb age of 7.39 ± 0.03Ma. This new
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age contrasts the formerly proposed 8.73 ± 0.25Ma by Viramonte et al. (1994), who correlated garnet-
bearing ash-fall deposits throughout NWArgentina with the Corte Blanco Tuff on the Puna Plateau.

We present 13 new U–Pb LA-ICPMS ages and one ZHe age from the Angastaco Basin. Sample Ang-
080313-1 is a from a welded tuff exposed in the Angastaco Formation of the Corte El Cañón section east
of the town of Angastaco. Previously dated to 13.4 ± 0.4Ma (40Ar/39Ar, Grier & Dallmeyer, 1990), we
obtain 12.17 ± 0.03Ma (MSWD = 0.86; n = 21). Ang-Isa-7-R is from a stratigraphic position ca. 200
m upsection and yielded 11.98 ± 0.03Ma (MSWD = 1.12; n = 29). About 500 m above the proposed
transition between the Angastaco and Palo Pintado formations (maximum age 8.8 ± 0.5Ma, Carrapa et
al., 2012) the youngest age population of sample Ang-080313-3 indicates a deposition at 7.56 ± 0.02Ma
(MSWD = 1.09; n = 16). Farther upsection, Ang-080313-2 yielded an age of 6.61 ± 0.04Ma (MSWD
= 0.66; n = 5). Ang-070313-4 is from a reworked ash in the Palo Pintado Formation, ca. 150 m higher
in the section and has a maximum age of 6.88 ± 0.10Ma (n = 1). Given the age reversal with the previ-
ous sample and the reworked character of the ash deposit we will ignore this age in further discussions.
Ang-070313-2 and Ang-070313-3 are both from a ca. 10-m-thick tuffaceous sandstone, ca. 25 to 50 m
below a previously dated ash layer (5.98 ± 0.32Ma, Bywater-Reyes et al., 2010). Ang-070313-2 yielded
a consistently young age population around 6.43 ± 0.04Ma, while Ang-070313-3 shows no consistent
age population. Based on the youngest crystal we are able to determine its maximum depositional age to
6.37 ± 0.08Ma, which agrees with previously published age estimates (Bywater-Reyes et al., 2010). At
the southern tip of the Quebrada el Tonco, sample Ar-11-Ash-2/3 was collected from a faulted section
in the San Felipe Formation (Carrapa et al., 2011) and yielded 5.12 ± 0.04Ma. A maximum age obtained
from sample Ar-11-Ash-4 (4.60 ± 0.08Ma) higher up in the same section is corroborated by sample Ar-
11-Ash-5 from an along-strike position to the south with an age of 4.52 ± 0.02Ma. Ang-070313-1 was
collected close to the Río Calchaquí, ca. 6 km south of Payogastilla and suggests that the Upper San Fe-
lipe Formation continued to be deposited until at least 1.87 ± 0.03Ma. Sample 005 is from aQuaternary
fill unit west of Angastaco that unconformably overlies the San Felipe Formation andwas dated to 1.05 ±
0.06Ma using ZHe. Vc-050313-1 is from a white, unconsolidated ash layer interbedded in an alluvial-fan
deposit, south of the town of Cafayate. Since the ages determinedwere below the limit of the LA-ICPMS
method for this setup (<0.7Ma), the age range defined for the sample is 0.35 ± 0.35Ma.

Moreover, we present two previously unpublished U–Pb SIMS age estimates from the Corral Que-
mado area at 27° S latitude. CQ12 was sampled ca. 10 km west of the village of Puerta Corral Quemado
in a deformed section of the sandstones of the late Miocene Chiquimil Formation. The two youngest
zircon crystals suggest a maximum age of 8.74± 0.53Ma. The second sample, CQ38, was collected about
12 km north of Puerta Corral Quemado in the coarse conglomeratic Corral Quemado Formation. A co-
herent population of zircon crystals yields an age of 3.65 ± 0.12Ma.
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6.6.2 Hydrogen stable isotopes

We analyzed 17 volcanic glass samples from ash beds in late Miocene to Pleistocene sediments from the
intermontane Angastaco Basin, at elevations between 1.7 and 1.9 km, for their hydrogen isotope compo-
sitions. Together with recently published data (Carrapa et al., 2014) this enables us to evaluate 24 well-
dated hydrogen stable isotope results from the intermontane Angastaco Basin that approximately range
between -95h and -65h, spanning the last ~8.8Myr (Fig. 6.4). The Angastaco dataset is characterized
by nearly constant δDg values around -75h until ~6.5Ma. After this episode, the data shows a rapid
decrease in δDg between ~6.5 and 5.5Ma of ca. -20h, and is followed by a number of equally strong os-
cillations of decreasing and increasing δDg values until ~4Ma, where δDg values become stable at about
-70 to -75h. Limited data from the interval between 4Ma and 2Ma suggest a renewed decrease in δDg

to ca. -85h, while δDg values of about -67 to -65h since ~1Ma are similar to present-day conditions
(δDgc = -65h).

Our data from the foreland regions east of the Angastaco Basin is very limited, however, four samples
from elevations between 0.75 and 1.25 km show a limited range of δDg values between -78 and -75h
over the last 9.3Myr. Data fromCarrapa et al. (2014) suggests similar conditions at 14.4 ± 0.6Ma (δDg =
-78h).

In addition, wemeasured the hydrogen isotope ratios of 13 volcanic glass samples from radiometrically-
dated ashes along the southern Puna Plateau margin. These sites include the Santa María Basin (n = 3),
the El Cajón (n = 1) and Corral Quemado (n = 4), and the Fiambalá basins (n = 5; Fig. 6.1). Although,
this dataset is insufficient to discuss the specifics of the evolution of the individual basins, it enables us to
compare the results with some of the trends in the δDg record of the Angastaco Basin. When including
one additional sample from the Corral Quemado area (Carrapa et al., 2014), we are able to present a
dataset spanning the last ~8.5Myr until ~3.5Ma with a δDg range of -95 to -70h (grey symbols in Fig.
6.4). Although the data density is much lower than for the Angastaco Basin, it is interesting to note that
major trends in isotope values observed in the southern basins appear to be very similar. Between ~8.5
and 6.5Ma δDg values are consistently at -75h and subsequently decrease until ca. 5.5 to 5Ma. Similar
to the Angastaco Basin, this negative trend is followed by a positive excursion in δDg. After a gap ofmore
than 1Myr, δDg values are more dispersed.

6.6.3 Paleoaltimetry

To estimate paleoelevations for our δDg record we use a Rayleigh distillation-related fractionationmodel
(Rowley, 2007; Rowley et al., 2001) with starting conditions (T0 = 21.7°C; RH0 = 67%) obtained
from MOD11C2 night land surface temperatures and NCEP-NCAR 1000mbar re-analysis published
in Rohrmann et al. (2014). A comparison of these estimates with present-day elevations at the sampling
sites reveals considerable deviations. The modern mean elevation of our samples in the broken foreland
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Figure 6.4 – Hydrogen stable isotope composition of volcanic glass samples from the Angastaco Basin (red), the
foreland (green), and the Puna Plateau between of 25 and 28° S (blue) showing pronounced trends in δDg against
depositional age. Filled symbols indicate samples from this study andunfilled symbolswere obtained fromCanavan
et al. (2014), (Carrapa et al., 2014), and (Dettinger&Quade, 2015). Note the relatively highδDg values on the Puna
during the Quaternary and at ca. 5Ma, which may document episodes with enhanced atmospheric convection as
main mechanism for rainfall in the studied regions. Also shown are δDg values from other intermontane basins
to the south, which imply synchronous paleoenvironmental change between 25 and 28° S during the Neogene.
Shaded area indicates the approximate δDg range of foreland samples.

is about 1.1 km, while the modeled δD data grossly overestimate paleoelevations between 2.1 and 2.3 km
(mean – mean elevation 2.2 km). Estimates for the Angastaco Basin, however, suggest overall similar ele-
vations compared to the present day (mean 1.9 km), showing paleoelevations of 1.6-3.0 km (mean 2.3 km)
over the past ~9Myr. Finally, we applied the model to the Puna record. Here, paleoelevations between
1.8 and 3.3 km (mean 2.7 km) underestimate elevations at the sampling sites (mean 3.6 km). Notably,
the model results calculated in Canavan et al. (2014) show elevations of ~4 km on the Puna for the past
~15Myr.

We also estimate paleoelevations using the preferred lapse-rate model by Dettinger & Quade (2015)
developed for regions to the north of Angastaco. Those results show generally higher elevations than our
estimates from the Rayleigh model, which seems to fit better with sampling elevations in the Angastaco
Basin and on the Puna.
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Finally, we use amodern δDg lapse rate determined between 22 and 26° S of ca. -16h/km (Rohrmann
et al., 2014) to estimate the relative elevation change between the low-elevationbroken foreland sector and
the intermontane Angastaco Basin. Although this approach cannot be applied to the complete dataset,
our results suggest surface uplift of the Angastaco Basin of about 1-1.3 km for the late Mio-Pliocene.

All paleoaltimetry estimates are listed in Table G.2.

6.7 Discussion

6.7.1 Hydrogen stable isotope record

Hydrogen stable isotope ratios of hydrated volcanic glass are closely linked to the isotopic composition of
meteoric water at the time of deposition and during subsequent hydration (e.g., Friedman et al., 1993b;
Shane&Ingraham, 2002;Mulch et al., 2008), which in turn is largely a functionof temperature/elevation
conditions at which rainfall occurs (e.g., Dansgaard, 1964). On this basis it has been shown that temporal
changes in δDg can be linked to tectonic and/or climatic processes and events in northwestern Argentina
(Pingel et al., 2014; Canavan et al., 2014; Carrapa et al., 2014;Dettinger&Quade, 2015) andNorthAmer-
ica (e.g., Mulch et al., 2008; Cassel et al., 2009, 2012). Nevertheless, a number of other factors are known
to affect stable-isotope compositions of meteoric water. Possible influences along the eastern Andean
margin are: (a) changes in global/regional air and sea-surface temperatures, which could alter the isotopic
source signal and/or the atmospheric fractionation processes; and (b) changes in the location of thewater-
vapor source or changes in air-parcel trajectories across the Amazon Basin. To first order, these processes
can be ruled out, because such source-related changes are likely to result in regionally significant shifts
in stable isotopes in precipitation in the paleorecord and should be observable in stable isotope records
throughout the eastern Andean flanks. This is not the case. As an example, the hydrogen stable isotope
record from the Humahuaca Basin, ca. 250 km to the north, shows δDg values that are characterized by
a general trend of deuterium depletion between ca. 6 and 3Ma without signs of significant variability as
seen in the Angastaco Basin (Pingel et al., 2014). Moreover, there is no evidence for shifts in the marine
oxygen stable-isotope record at the considered time interval (e.g., Zachos et al., 2008) that are either large
enough or temporally comparable to our observed trends. The only other potential moisture source, the
southeast Pacific Ocean, may have been blocked by the rising Andean orogen to the west prior to 10Ma
(Insel et al., 2012b). Despite being located close to the northern transition zone of the westerlies it is un-
likely that the moisture source for this sector of the Andes has changed since the late Miocene. Onmuch
shorter timescales involving the Quaternary, Haselton et al. (2002) concluded that there is no evidence
for protracted northward shifts in moisture-bearing winds impacting the southern Puna Plateau.

For the above reasons, we prefer to interpret the results of our analysis in terms of local paleoenviron-
mental change, such as topographic growth and associated decrease in air temperatures; and enhanced
rainout (amount effect, Dansgaard, 1964) in windward positions along the eastern Puna flanks. Both
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processes are known to produce lower δ-values in meteoric water and, given the geodynamic setting of
protracted crustal shortening and range uplift in this region, are the probable cause for negative trends in
our stable isotope record. Positive shifts in hydrogen stable isotopes have been related to evaporation as a
consequence of orographically forced aridity behind growing topography (Pingel et al., 2014).

Another complication in interpreting stable-isotope recordswas recently describedbyRohrmann et al.
(2014), who relate an observed non-systematic isotope fractionation south of 26° S with an atmospheric
setting that favors atmospheric convection over adiabatic lifting as themain cause for rainfall in theAndes
at these latitudes. In this setting, meteoric water across the eastern Andean flanks shows very little to no
relationship between the stable isotope composition and elevation, which causes similar δDg values on
the Puna Plateau, in the foreland, and in the intermontane basin regions in-between. Since our study
area is located in a transitional zone at ~25.5° S, it is necessary to consider the possibility of this mecha-
nism to have also affected the paleorecord of the Angastaco Basin and its neighboring regions. Indeed,
when comparing hydrogen stable isotope data from hydrated volcanic glass in the Angastaco Basin, the
southern basins, and the adjacent forelandwith data from the PunaPlateau (Canavan et al., 2014; Carrapa
et al., 2014; Quade et al., 2015), we are able to identify two episodes that are indicative of non-systematic
isotope fractionation. First, at about 5Ma and secondly, during theQuaternary, which is consistent with
the observed present-day conditions. These episodes are characterized by equally high δDg values in the
Angastaco Basin and on the Puna (-70 ± 5h). In contrast, other episodes clearly show more negative
δDg values on the plateau compared to the intermontane basin record (Fig. 6.4), which reflects the topo-
graphic gradients that must have existed before 10 to 15Ma. This suggests that, although today’s isotope-
elevation relationships as observed in present-day river and streamwaters may be subject to processes dif-
ferent from simple orographic precipitation, air mass lifting and associated condensation, the resulting
non-systematic isotope-elevation relationship may not have been a long-lived phenomenon throughout
the Mio-Pliocene. The absence of a sufficient number of high-elevation isotopic data prevents a more
in-depth investigation of this phenomenon.

6.7.2 Surface uplift& basin aridification vs. enhanced convection

Hydrogen stable isotope data of volcanic glass from the broken foreland east of the Angastaco Basin sug-
gest stable climatic and topographic conditions since at least the lateMiocene. This is based on five dated
volcanic glass samples that show very little isotopic variation (mean δDg = -77 ± 1h, Fig. 6.4). More-
over, δDg values of the two youngest samples (20 and 50 ka), are roughly comparable with modern δDgc

estimates of -67 ± 11h that have been converted from long-term GNIP measurements of rainfall in the
nearby city of Salta (IAEA, 2015). This, and the fact that the foreland region ofNWArgentina apparently
has undergone only minor amounts of surface uplift compared to the orogen interior (average elevations
of ca. 0.5-1.0 km), supports our assumption that the isotopic compositions, and therefore, their environ-
mental forcing factors remained relatively stable over the course of the last 10 to 14Myr.
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Sedimentologic observations in the Angastaco Basin and the adjacent foreland indicate that both re-
gions were part of a contiguous foreland basin until about 5Ma (e.g., Hain et al., 2011, (Fig. 6.5)). Hence,
we are confident to combine these two datasets for this time period. Consequently, the basis for our in-
terpretations is a dataset that spans the last ~14.4Myr. During this time the Angastaco Basin experienced
pronounced deformation and basin compartmentalization with the transition from a humid foreland
basin into the presently elevated and hydrologically restricted intermontane basin setting (e.g., Starck &
Anzótegui, 2001; Strecker et al., 2007a). Consequently, changes in the stable isotope record should enable
us to track paleoenvironmental changes and help to better constrain them in the regional context.

Previous work on hydrogen stable isotopes from volcanic glass in the Angastaco area suggested stable
topographic conditions at its current elevation of ca. 2 km throughout the Mio-Pliocene (Carrapa et al.,
2014). The combination of data fromCarrapa et al. (2014) and our new results provides a comprehensive
data set that furnishes evidence formajor paleoenvironmental change, which likely includes surface uplift,
an increase in aridity with the onset of orographic effects along the basin-bounding ranges to the east,
and ensuing impacts on atmospheric circulation. Again, these interpretations are based on significant
δDg variability observed through the investigated time period (Fig. 6.4: δDg values decrease by 20h
at 6.5-5Ma, followed by a ca. 20h increase until ca. 5Ma. Subsequently, δDg values decrease again to
values of -90 to -95h at about 4.5Ma and increase by 20h at 4Ma. Limited Plio-Pleistocene data inhibit
the identification of specific trends in δDg , but late Quaternary samples show that modern values were
attained by at least 1Ma.

The combined record shows no major trends in δDg until ~6.5Ma and remains stable at a mean δDg

of -76± 2h. This supports the notion that surface elevations in theAngastaco Basin did not significantly
depart from the rest of the foreland prior to 6.5Ma.

Between ~6.5 and 5.5Ma the data point to a rapid decrease in δDg by 20h, which we interpret as the
result of surface uplift in the area of the former basin catchment. This interpretation is based on several
observations. First, it has been shown that negative trends in δDg are associated with surface uplift of in-
termontane basins along the Puna Plateau (Pingel et al., 2014). Even though the overall signal we observe
in the Angastaco Basin is more complicated compared to tectonically and topographically similar settings
to the north (i.e., Humahuaca Basin at 23.5° S), it is reasonable to assume a comparable behaviorwith sur-
face uplift through time. Furthermore, tectono-sedimentary and thermochronological data suggest that
the Angastaco Basin and its bounding ranges experienced deformation andwere exhumed during the late
Miocene to Pliocene. For example, lateMiocene (12-7Ma) deformation and range uplift of theCerroDu-
razno and Sierra Quílmes along the Puna Plateau margin(e.g., Deeken et al., 2006; Coutand et al., 2006)
has been linked with the onset of enhanced orographic rainout in the Angastaco area since about 9Ma
and the establishment of humid conditions, as documented by the rich faunal and floral fossil record of
the Palo Pintado Formation (e.g., Starck & Anzótegui, 2001; Deeken et al., 2006; Coutand et al., 2006;
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Bona et al., 2013). Deformation along the present-day eastern basin margin caused rapid exhumation
of the Sierra de los Colorados since ca. 12-10Ma and the Sierra León Muerto since ca. 8-6Ma (Carrapa
et al., 2011). In this setting, ongoing deformation affected structures within the Angastaco Basin to cause
basin-internal deformation (Carrera &Muñoz, 2008). This is also shown by the major unconformity at
the bottom of the San Felipe Formation that documents intra-basin deformation prior to 5-6Ma (e.g.,
Carrera &Muñoz, 2008).

On the other hand, a -20h shift in δDg appears too large for tectonic surface uplift and enhanced
rainout over a relatively short period of one million years. However, enhanced sedimentation of about
0.35 to 0.65 km/My between ca. 6.5 and 5.0Ma (Bywater-Reyes et al., 2010; Galli et al., 2014) may have
contributed to the amount of surface uplift in an extended and actively deformingbroken foreland setting
surrounded by uplifting topography of varying degree at that time (Galli et al., 2014; Carrapa et al., 2011).
In such a setting, large amounts of sediment of the Palo Pintado Formation could have been trapped
behind growing structures to the east and progressively filled the continuously growing accommodation
space, while after 5Ma, these structures finally disconnected the fluvial system from the foreland and
prevented further eastward sediment transport (Hain et al., 2011).

After ca. 5.5Ma our record is characterized by one strong positive and negative δDg excursions, which
likely reflect atmospheric and/or orographic effects. In detail, our record shows a positive trend with
maximum δDg values of ca. -75h at ~5Ma. Previous studies related such abrupt shifts to enhanced arid-
ification due to the attainment of threshold elevations in a windward position and associated orographic
shielding (Pingel et al., 2014). Interestingly, in the Angastaco Basin this shift occurs coevally with the on-
set of coarse gravel and conglomerate deposition of the San Felipe Formation; a lithological unit that has
been associated with generally semi-arid, seasonal conditions (Coutand et al., 2006; Bywater-Reyes et al.,
2010). In this context it is noteworthy that we found a ca. 30-cm-thick evaporitic layer within the San
Felipe Formation, dated to 4.8 ± 0.2Ma (Bywater-Reyes et al., 2010). Therefore, we suggest that aridity
caused deuterium enrichment of our record through enhanced evaporation during sub-cloud evapora-
tion or soil-water formation (e.g., Quade et al., 2007).

One explanation for enhanced hinterland aridification is that the basin-bounding ranges to the east
must have attained threshold elevations to efficiently interfere with westward moisture transport, which
may be supported by an earlier onset of rapid exhumation, and thus inferred uplift, in the area (e.g., Car-
rapa et al., 2011). On the other hand, this episode also coincides with unusually high δDg values on the
PunaPlateauof -68h (Canavan et al., 2014), suggesting an additional or alternativemechanism, bywhich
deuterium enrichment in the basin may have been caused by non-systematic fractionation in the wake of
atmospheric conditions that favored convective storms (convection setting), similar to the present-day
synoptic situation. Because this setting prevents or reduces moisture-laden air masses to penetrate far
into the orogen, intermontane regions are likely to becomemore arid. Moreover, it is also conceivable that



98 Chapter 6. Surface uplift& convective rainfall along the southern Central Andes

10 km

Cerro Durazno

Sierra de los ColoradosLuracatao
Sierra León Muerto

Sierra de Quilmes

Angastaco Lerma
Axial flow

ca. <2  Ma

ca. 7 - 2 Ma

EastEastWestWest Basin strata Colorados Fm. Salta Group Basement

Eastward drainage

ca. >7  Ma

Figure 6.5 – Conceptual model showing the structural and orographic development of the Angastaco Basin and
neighboring ranges with time. Prior to 7Ma the Angastaco Formation was deposited in large foreland basin setting
that may have been partly fragmented prior to 10Ma by range uplifts in the area of the present-day Sierra León
Muerto. After 7Ma deformation and range uplifts along basin-bounding structures as well as intra-basin deforma-
tion led to enhanced sediment supply and storage behind evolving structures and associated surface uplift of the
Angastaco Basin. This was accompanied by rapid shifts in the strength of the presently observed convective setting
andmay have also caused drastic changes inmoisture availability in the Angastaco area, once topography to the east
was large enough. At present, the combined effects of atmospheric convection and orographic precipitation along
the eastern basin-bounding ranges act on the hydrology of the basin.

the capping inversion that forms the boundary between dry westerlies and the Andean low-level jet dur-
ing such conditions causes the reduction of orographic threshold elevations. As a result lower-elevation
mountain ranges become effective orographic barriers. In northwest Argentina, elevation thresholds of
efficient orographic barriers seem to be attained, when a 3-km relief of 1-2 km is exceeded (Hain et al.,
2011). This potentially very dynamic mechanism may explain the observed rapid shifts in our data, be-
cause they are unlikely to have been caused by feedbacks of tectonics, climate, and erosion across eastern
topography. In summary, we suggest that δDg variability after 5Ma is governed by the variable strength
and or latitudinal location of high-level westerlies, likely in combination with near-threshold elevations
to the east (Fig. 6.5).

For the last ~4Ma the isotope record is limited; however, a ~2Ma ash sample in the Upper San Felipe
Formation shows a δDg of -85�, while younger δDg values of ca. -65� may indicate increased aridity.
BecauseδDg values from thePunaPlateau are also very high at that time (-70± 5�), we are confident that
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today’s convection setting must have been established by then. As a consequence of ongoing range uplift
to the east (Sierras de los Colorados and León Muerto), Pleistocene basin aridification may additionally
be related to efficient orographic shielding observed today (Fig. 6.5).

6.7.3 Paleoaltimetry

Complexities in theδDg record, causedby atmospheric patterns and enhanced aridity in the lee of growing
topography, prevent us from estimating paleoelevations at 25-28° S latitude in a conventional way, i.e., by
assuming purely adiabatic processes for the total of our δDg record. Another challenge is that foreland
elevations cannot be sufficiently predicted by current models. Consequently, it is challenging to quantify
elevation change between the low-elevation foreland and the elevated Angastaco Basin. However, one
approach is to select a time interval, when non-systematic fractionation effects can be inferred to have
been minimal. Changes in δDg over such a time period can then be compared with modern lapse rates
from nearby regions unaffected by unwanted interference, such as the Eastern Cordillera north of 25° S.
In the case of the Angastaco Basin, between 6.5 and 5.5Ma, we observe a ca. -20h shift in δDg, where
non-systematic influences may be excluded. The modern lapse rate of ca. -16h/km between 22 to 25° S
(Rohrmann et al., 2014), enables us to estimate the relative change in elevation between the foreland and
the Angastaco Basin of ca. 1.3 km. Given the large errors associated with this approach, our estimate is
within the possible range of the expected surface uplift from a foreland position at ca. 0.5 to 1 km initial
elevation and the current elevation of the Angastaco Basin at 1.8 to 2 km. As discussed earlier, this change
in elevation apparently occurs very rapidly over the timespan of approximately one million years. Since
this appears to be very unlikely, an alternative interpretation to gain suchuplift rates is needed. Becausewe
see evidence for atmospheric conditions similar to today also in the past, itmaybepossible that rather than
increased uplift enhanced atmospheric convection processes prior to 6.5Mamay havemasked a potential
elevation signal. Therefore, the onset of surface uplift in the Angastaco area may have started earlier, a
scenario supported by the local deformation history. Nonetheless, the minimum signal observed at ca.
5.5Ma appears to represent the surface uplift gained at that time.

6.7.4 Links between southern basins flanking the southern Puna

From north to south, the Santa María (26.5° S), El Cajón, and Corral Quemado basins (27° S), and the
Bolsón de Fiambala (27.5° S), constitute a group of intermontane basins along the eastern and southern
flanks of the southern Puna Plateau (Fig. 6.1). Although, the δDg records from these basins are insuffi-
cient to discuss their individual basin and topographic development, one important observation can be
madewhen comparing the data with theAngastaco record: Despite the low data density the records from
these southern basins complement each other in a remarkable way (Fig. 6.4). For example, between ~8.5
and 6.5Ma, δDg values remain consistently at -75h and subsequently decrease until ca. 5.5 to 5Ma,
followed by a positive excursion in δDg. This leads us to suggest that mechanisms causing δDg trends
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Figure 6.6 – Oxygen stable isotope composition of published soil carbonate records showing a general long-term
trend towards more positive δ18O values. A: Angastaco Basin (Bywater-Reyes et al., 2010); B: Santa María Basin
(Kleinert & Strecker, 2001); C: Corral Quemado (Latorre et al., 1997). Yellow areas indicate episodes of negative
short-term δ18O trends. Note, similar trends in B and C between 7 and 3Ma. Differences in Cmay relate to limited
stratigraphic age constraints.

in the Angastaco Basin may also have influenced stable isotope signals farther south. In this context it is
reasonable to assume a commonmechanism to have been responsible for the stable isotope composition
of meteoric waters south of 25° S. In light of the present-day patterns it appears that westerlies crossing
the plateau in eastward direction and the associated concentrated occurrence of convective storms may
represent a viable mechanism to explain some of the patterns.

Soil carbonates from the Angastaco, Santa María, and the Corral Quemado basins generally show a
similar, positive long-term trend in both, δ13Csc andδ18Osc that indicate increasing regional aridity and/or
wet-dry seasonality (Fig. 6.6, Latorre et al., 1997; Kleinert & Strecker, 2001; Bywater-Reyes et al., 2010).
This is also shownby theδ13C andδ18Odata inmammalian fossil tooth enamel from theCorralQuemado
area (Hynek et al., 2012). These authors argue that variable short-term trends inδ13C andδ18Oon the scale
of 1 to 2Myr are likely caused by hydrological rather than climate change, either associated with regional
variations in moisture sources or local changes in soil evaporation as a result of orographic barrier effects
along the Sierra Aconquija and Cumbres Calchaquíes (Fig. 6.1) farther east. Similar short-term shifts can
also be observed in the soil carbonate record from the Corral Quemado area and to some degree in the
Santa María record (Fig. 6.6). For example, positive shifts between 7 and 3Ma are offset by ~0.5Myr
relative to the Corral Quemado record. This could be related to the stratigraphic age control in the Santa
María record that is tied to a limited number of radiometric ages, while the Corral Quemado record was
additionally constrained by magnetostratigraphy (Butler et al., 1984; Latorre et al., 1997). The lack of
sufficient data from the Angastaco Basin does not permit a more detailed interpretation of short-term
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variations. These systematic shifts cannot be explained by regional climate change impacting the eastern
flanks of the Central Andes, because stable isotope records obtained north of 25° S show significantly
different trends (Mulch et al., 2010).

Notably, soil carbonate δ18Osc from the southern basins contrast trends in our δDg compilation (Fig.
6.6). This may be related to the seasonal nature of soil-carbonate formation. While soil carbonates are
thought to form during the second half of the rainy warm season (e.g., Peters et al., 2013), glass shards
incorporate surface water over thousands of years until saturation (Friedman et al., 1993b; Mulch et al.,
2008). This causes a bias of soil carbonate isotope records towards the dry season during which the at-
mospherically induced convection setting is affected by the lack of sufficient low-level moisture supply
into this region. Nonetheless, slightly negative trends (1-1.5h PDB) in the δ18Osc record from the Corral
Quemado area and the Santa María basin at 6.5-5.5Ma and 4.5-3.5Ma roughly coincide with inferred
episodes of reduced convection as a mechanism for rainfall, which supports a regional atmospheric effect
on stable isotopes south of 25° S.

However, in the past theremay have been other processes of regional importance that potentially could
have influenced stable isotope compositions in precipitation. For example, the southern regions under-
went a similar tectono-sedimentary history: (a) In the Santa María basin (~1.2-2 km), late Cenozoic sedi-
mentation initiatedprior to 13-10Maandwas followedby accumulationofmore than6 kmof coarsening-
upward sequences partly comprising sediment from eastern sources (Villanueva Garcia &Ovejero, 1998;
Bossi et al., 2001). This interpretation is supported by thermochronological results from the northern
Calchaquíes and eastern Aconquija ranges to the east that suggest a complex structural history, includ-
ing late Cenozoic exhumation, which likely resulted in early topographic highs in those regions (Sobel
& Strecker, 2003; Löbens et al., 2013). Significant exhumation and deformation of the Sierra Aconquija
is documented since ca. 9Ma and enhanced erosion along its eastern flanks by ~3Ma supports the de-
velopment of an orographic barrier with associated increased rainout (Löbens et al., 2013). (b) Similarly,
sedimentation in the El Cajón area (~2.5-3 km) started at 13.6± 0.5Ma (Mortimer et al., 2007; Pratt et al.,
2008). Late Cenozoic deformation and exhumation patterns of the SierraQuilmes infer southward prop-
agation of deformation. Thermochronologic evidence from the northern extend of the Quilmes range,
close to the Angastaco Basin, suggest deformation since ~14Ma (Carrapa et al., 2011), while in the cen-
tral parts, deformation occurred by ca. 10Ma (Pratt et al., 2008). Finally, the southern tip of the Sierra
Quilmes started deforming after 6Ma, which led to basin compartmentalization between the El Cajón
and SantaMaría basins (Strecker et al., 1989;Mortimer et al., 2007). Other (c) The Corral Quemado area
(1.7-2.5 km) is located east of the Sierra Chango Real at ~27° S. While this range was already affected by
rapid exhumation between ca. 38 and 29Ma (Coutand et al., 2001), its late Cenozoic reactivation may
have occurred since ca. 13.5Ma (Pratt et al., 2008). The oldest sediments documented in this region pre-
date 7.14Ma (Latorre et al., 1997). Compartmentalization between Corral Quemado and El Cajón was
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establishedwell after 3.6Ma by a growing anticline located between both areas (Hynek, 2011). (d) Finally,
located at the transition between the southernmargin of the Puna Plateau and the Sierras Pampeanas, the
Fiambalá Basin (1.6-2.5 km) is confined by the Sierra de las Planchadas to the west, which shows evidence
for late Eocene exhumation (Coughlin et al., 1998; Carrapa et al., 2006). The plateaumargin to the north
is thought to have been exhumed during the Early to Middle Miocene and may have established its cur-
rent relief by 9Ma (Carrapa et al., 2006). The oldest Cenozoic sedimentary deposits in this region are
sourced to the west and much older than 8Ma (Carrapa et al., 2008). Initial clast contributions from
eastern sources are documented at ~6Ma and postdate the onset of deformation along the eastern basin
margin.

In summary, deposition in the southern basins, but also including the Angastaco Basin, largely com-
menced during mid- to late Miocene time and was accompanied by the deposition of thick coarsening-
upward sequences (e.g., Strecker et al., 1989; Bossi et al., 2001; Strecker et al., 2009;Mortimer et al., 2007;
Carrapa et al., 2008). Most regions record initial basin compartmentalization prior to 6Ma, while their
separating ranges experienced an earlier onset of deformation (e.g., Sobel& Strecker, 2003; Carrapa et al.,
2008; Pratt et al., 2008; Löbens et al., 2013; Hain et al., 2011). This must have been associated with intra-
basin deformation and perhaps surface uplift, which would be a reasonable explanation for relatively low
δDg values (ca. -95h) recorded in the Angastaco, SantaMaría/El Cajón, and Fiambalá basins after 6Ma.

Convincing evidence for the onset of arid conditions related to orographic barrier effects in other basins
than the SantaMaría andAngastaco Basins is limited. Still, similar trends in various stable isotope records
suggest a common link in the climatic development of the southern basins. Paleoenvironmental infer-
ences from paleosoil characteristics and oxygen and carbon stable isotopes from soil carbonates in the
Santa María Basin suggest an onset of enhanced aridity in the late Pliocene between 3 and 2.5Ma due to
uplift of the Sierra Aconquija and Cumbres Calchaquíes to the east (Kleinert & Strecker, 2001; Löbens
et al., 2013). Tangible evidence for enhanced aridity in the El Cajón area is restricted to gypsiferous layers
intercalated with a lacustrine unit aged >8Ma (Mortimer et al., 2007; Pratt et al., 2008), but does not
unambiguously imply sustained aridity. A sharp increase in soil carbonate δ13C after 4Ma relates to a C4-
plant composition of ~70% in the Corral Quemado area (Latorre et al., 1997) and led other researchers
to favor increased aridity as the cause (e.g., Schoenbohm et al., 2015). However, the fact that δ18O values
from the same record do not follow this shift, argues against a climatic trigger (Hynek, 2011). Occasional
mud cracks in middle to late Miocene mudstones from the Fiambalá Basin represent an episodically dry
environment (Carrapa et al., 2008), but also do not imply sustained aridity in this region. Hence, it can-
not be entirely ruled out that late Pliocene surface barrier uplift in the areas of the Sierra de LeónMuerto,
Cumbres Calchaquíes, and Sierra Aconquija, caused the formation of a contiguous orographic barrier,
which resulted in subsequent hinterland aridification that has characterized the southern basins until to-
day.
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6.8 Conclusions

The δDg record from intermontane basins along the eastern and southern flanks of the Puna Plateau
(south of 25° S) reveal a complex relationship between the hydrogen stable isotope composition of vol-
canic glass, tectonosedimentary events, orographically induced climate change, and the effects of an
atmospherically-induced convection setting. This prohibits the interpretation of the δDg record in terms
of changing rainfall patterns (orographic barrier effects) and renders stable-isotope-based paleoaltimetry
challenging. Using published δDg results from the adjacent plateau region, we can identify at least two
episodes with enhanced convection at about 5Ma and, consistently with present-day conditions, during
the Quaternary. Excluding these episodes from paleoaltimetric interpretations enables us to suggest sim-
ilar initial elevations of the foreland and the intermontane Angastaco Basin until ca. 7 to 6.5Ma, which
was followed by surface uplift on the order of ca. 1.3 km due to ongoing tectonic and sedimentary pro-
cesses within the basin and along the basin-bounding structures. δDg data from neighboring intermon-
tane basins to the south suggest similar tectonic events in this region and underline the regional influence
of enhanced convection on the stable isotope composition of rainfall. Despite the obvious complexities
involved when interpreting isotopes in precipitation records in regions, where fundamental changes in
rainout regime have occurred over time, we are able to document parts of the uplift history of the inter-
montane Angastaco Basin and the influence of changing atmospheric flow conditions on stable isotope
fractionation in rainfall along the eastern Andean margin.

Supporting information

Summary ofU–Pb andU–Th/He zircon analytical data of volcanic ash samples and data tables of hydro-
gen stable isotope analyses of volcanic glass, modern stream water samples, and paleoaltimetry estimates
can be found in the appendix (see Appendix G and H).





Chapter 7

Discussion& conclusions

The principal aim of this study was to establish a comprehensive chronology of tectonic events, changes
in topographic and climatic conditions, and ensuing surface processes along the eastern margin of the
southern Central Andes in NWArgentina. Two main regions were identified to carry out this investiga-
tion: the semi-arid intermontaneHumahuaca Basin, in the transition between the Andean Puna Plateau
and the humid broken foreland of the Santa Bárbara System between approximately 23 and 24° S and
in the adjacent semi-arid intermontane Angastaco Basin at about 25° S to the southwest (Fig. 7.1). The
rationale of this choice was to gain a better understanding of the spatiotemporal development of tectonic
and climatic conditions in both regions and to reconstruct their transition from a formerly contiguous,
humid foreland-basin setting to a semi-arid to arid intermontane environment as observed today, as the
result of lateral orogenic growth. An unambiguous characterization of orogenic growth mechanisms,
their impact on climatic conditions, and possible feedback loops between them, is essential to rigorously
assess the geological and paleoenvironmental inventory of sedimentary basins and to disentangle inter-
acting deep-seated and surficial processes involved in mountain building. Ultimately, such studies help
identify different forcing mechanisms that drive landscape evolution in high-mountain environments
and that provide the pathways for speciation (e.g., Hoorn et al., 2010; Weir & Price, 2011) and the rout-
ing of sediment toward depositional centers in the foreland, where they may influence the generation of
economically relevant resources (e.g., Beaumont, 1981; Dunn et al., 1995; Echavarría et al., 2003). The
individual research chapters of this thesis attempted to address these issues to provide new insight into
non-collisional mountain building and sedimentary basin evolution in areas characterized by the reacti-
vation of inherited basement anisotropies and the resulting formation of broken forelands.

7.1 Tectonics, climate& surface processes

The results from the intermontane Humahuaca Basin, presented in Chapter 3, provide the first detailed
estimates on the timing of foreland fragmentation and its subsequent tectono-sedimentary development
in the transition between the Eastern Cordillera and the Santa Bárbara System. Previous studies in this
region mainly focused on sedimentary facies interpretations and radiometric and paleomagnetic dating
of the fossiliferous Pliocene Uquía Formation in the northern sector of the Humahuaca Basin (Marshall
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Figure 7.1 – Spatiotemporal evolution of basin filling and climatic conditions of intermontane basins along the
eastern Puna-Plateau margin, showing the main cycles of intermontane basin filling. Note, the non-systematic
processes among the basins with time.

et al., 1983;Walther et al., 1998; Reguero et al., 2007), while other lithological units were less studied, with
the exception of the ubiquitous Pleistocene basin fills (Tchilinguirian & Pereyra, 2001; Robinson et al.,
2005; Sancho et al., 2008). With the newly presented data, generated during this study, a chronology of
the basin-internal deformation and sedimentation processes is now available, whichwas derived from the
exposed rich late Miocene to Pleistocene sedimentary basin record.

In the Humahuaca Basin, initial intermontane basin sedimentation at ca. 4.2Ma followed foreland
fragmentation, severing of the fluvial system, and formation of accommodation space in the upstream
reaches of growing topography. Later, during the Pleistocene, repeated basin filling and excavation were
likely influenced by tectonism across the outlet region, ensuing aridification in the lee of rising topogra-
phy, and concomitant fluctuations in the efficiency of river incision and sediment removal. Field observa-
tions of deformed erosion surfaces and an assessment of fault activity suggest an intriguingly systematic
link between episodes of internal deformation following large-scale sediment removal from the intermon-
tane basins of the Eastern Cordillera. In the Humahuaca Basin this process occurred during at least two
periods. First, after a basin-wide removal of basin sediments <1.5Ma, and second, when a younger phase
of deformation affected the basin in the course of successive fluvial incision and terrace cutting into thick
basin-fill conglomerates. The cause for these alternating episodes of filling, sediment evacuation, and
renewed faulting in the interior of the orogen is being debated, but a possible mechanism may involve
local changes in the shallow crustal stress field related to changing overburden. In such a scenario, faults
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are inactive during periods of extensive and voluminous basin fills. Conversely, following the removal
of sedimentary fills, the lithostatic pressure and thus the vertical stresses acting on reverse faults in the
basins is reduced, leading to fault re-activation and potentially out-of-sequence faulting. Similar observa-
tions have been made in other intermontane basins of NWArgentina (Hilley & Strecker, 2005; Strecker
et al., 2007a). Likewise, Hetzel & Hampel (2005) investigated the potential for Pleistocene reactivation
of normal faults in the western U.S. during the regression of pluvial Lake Bonneville and deglaciation in
the Wasatch Range and the adjacent Basin and Range province. Another example involves a study from
Taiwan, where Steer et al. (2014) showed that erosion influences the seismicity of active thrust faults.

In combination with previous studies on deformation and exhumation processes in the area of the
present-day Puna Plateau at this latitude farther west (e.g., Deeken et al., 2004, 2005; Letcher, 2007), it
is possible to reconstruct the spatiotemporal history of orogenic growth in this sector of the southern
central Andes. This history can be generally described by an eastward-migrating deformation pattern,
although the finer details of this evolution point to a diachronous and spatially disparate behavior of the
deforming foreland regions. Indeed, deformation started ca. 100 km km to the west with exhumation
of the Sierra del Tanque and Sierra de Cobre in the late Oligocene (Deeken et al., 2005; Letcher, 2007).
Farther east, the SierraAguilarwas exhuming since Eo-Oligocene time (Insel et al., 2012a) and thewestern
flank of the Humahuaca Basin, an integral part of the eastern margin of the Puna Plateau, experienced
exhumation at ca. 15Ma (Deeken et al., 2004). In contrast, deformation along the easternbasin-bounding
Tilcara Ranges started between approximately 10 and 6Ma (Siks & Horton, 2011, this study); the area
between the foothills of the Tilcara Ranges in the foreland and the Santa Bárbara System, about 50 km
to the east, started deforming at about 5Ma (Reynolds et al., 1994, 2000). As discussed in Chapter 3
deformation in the Humahuaca Basin and its adjacent mountain ranges continued and, as recorded by
deformed Quaternary fluvial terrace surfaces and alluvial fans, is still ongoing.

The hydrogen stable isotope study presented in Chapter 4, is one of the first applications of this proxy
along the Puna margin to evaluate the topographic evolution of orogenic plateau flanks. Observed δDg

shifts are closely related to the tectonic and topographic historyof theHumahuacaBasin and a subsequent
regional climatic response and revealMio-Pliocene surface uplift. This was accompanied by a changeover
from a humid climate, as in the present-day foreland, to the semi-arid conditions currently observed in
this intermontane setting. Moreover, the stable isotopedata reveals that leewardbasin aridification started
to be effective once windward range uplifts in the Tilcara Ranges to the east had attained a threshold ele-
vation to efficiently block moisture-bearing winds. Consequently, this process of establishing orographic
barriers by basement uplifts in eastward direction ultimately has helped maintain low amounts of pre-
cipitation and internal drainage conditions on the plateau, because moisture transport into the orogen
interior has been successively reduced.
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The analysis of present-day spatial rainfall patterns along the eastern Andean flank in Chapter 5 sug-
gests that the threshold elevation for effective orographic rainout is coupled to a 3-km-radius of relief
above ~1 km. The present-day relief of the Tilcara Ranges exceeds this threshold relief by ca. 1 km. Con-
sequently, with the onset of enhanced aridity in the Humahuaca Basin between approximately 2.5 and
3.5Ma, the Tilcara Ranges may have been at an elevation of ca. 3.0-3.5 km (presently at 4.0-4.5 km). Es-
timated rates for this regional surface uplift of ~0.3-0.4 km/Myr are similar to rates calculated from the
isotopic data between 6.0 and 3.5Ma, which show rates of ca. 0.5 km/Myr when applying the regional
modern isotopic lapse rate presented in Chapter 4. However, because stable isotope paleoaltimetry is still
associated with large uncertainties, absolute measurements of elevation change are difficult to interpret
and can only provide crude estimates of surface-uplift rates.

Relationships between tectonic uplift and tectonic forcing of climatic conditions in the Eastern
Cordillera support earlier models of lateral plateau growth following range uplift and hinterland aridi-
fication in concert with reduced/severed fluvial connectivity and ensuing filling of the plateau area (e.g.,
Sobel et al., 2003). In such a setting the fluvial systembecomes increasingly inefficient to transport and ex-
port large volumes of sediment away from the orogen interior toward the foreland. This, and the fact that
the plateau-bounding regions are all still seismically active and record active deformation, raises the possi-
bility that further range uplift along the plateau-margin basinswill aid hinterland aridification, eventually
leading to reduced fluvial connectivity of intermontane basins from the foreland, ensuing basin isolation,
internal drainage, andbasin filling, eventually followedby the incorporationof the basin into the drainage
system of the adjacent plateau. As such, marginal mountain ranges like the Eastern Cordillera and their
intermontane basinsmay act as a buffer to variable climatic conditions with an increased short-term avail-
ability of rainfall and runoff, which will not lead to headward incision into the plateau, thus storing and
preserving thick sedimentary fills.

Although deformation patterns along the eastern Andean flank may appear to be synchronous at first
sight, closer inspection of the development of deformation patterns and sedimentary fills of individual in-
termontane basins implies a non-systematic, diachronous, and spatially disparate behavior. For example,
in the Angastaco Basin at ca. 26° S, deformation started already prior to 14Ma (e.g., Hongn et al., 2007;
Del Papa et al., 2013; Galli et al., 2014). Uplifts east of the present-day basin may have caused restricted
drainage and reduced sediment transport into the foreland since 9Ma and resulted in severed fluvial con-
ditions by 5Ma (Chapter 5). However, clast compositions of theGuanacoFormation in the SantaBárbara
region to the east imply a sediment source in the present-day Metán Range farther east since ca. 10Ma.
This range is approximately 50 km east of the Eastern Cordillera and highlights the diachronous nature
of uplift in this region. During theQuaternary, deformation has been accommodated across virtually the
entire broken foreland. Similar to observations made in the Humahuaca Basin, Chapter 5, documents
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evidence for progressive sediment storage within intermontane basins that appears to be associated with
tectonic defeat of fluvial incision, followed by orographic hinterland aridification.

These observations are important, because very similar processes were described in the Toro basin at
24.5° S and other basins along the eastern flank of the Puna. In the Toro Basin deformation involving the
underlying basement may have started during the late Miocene as documented by growth structures in
the Agujas Formation (>10 to <8Ma) (Mazzuoli et al., 2008; DeCelles et al., 2011; Vezzoli et al., 2012). By
6.4Ma range uplift to the east prevented further eastward transport of sediments across the Sierra Pasha
Sur toward the foreland (Viramonte et al., 1994; Reynolds et al., 2000; Hilley & Strecker, 2005). This
led to changes in erosion and sedimentation processes in the developing Toro basin and the deposition
of the largely conglomeratic Alfarcito Formation of late Miocene to Pliocene age, which, at its base, con-
tains plant-fossil evidence for more humid conditions in the past (Strecker et al., 2007a). It is yet unclear
though, for how long these wetter conditions persisted, but an increase in aridity may correspond to the
deposition of basin-filling conglomerates after 0.98Ma, which superseded a phase of deformation and
basin excavation (Marrett & Strecker, 2000; Hilley & Strecker, 2005).

A comparison of the climatic and tectono-sedimentary patterns of the Humahuaca, Toro, and An-
gastaco Basins (Fig. 7.1) shows many similarities in the style of intermontane basin development in NW
Argentina, such as repeated basin filling and excavation. However, there are apparently no clear correla-
tive temporal relationships. This suggests that at million-year timescales intermontane basin processes in
this region were primarily determined by tectonic deformation and its impact on the fluvial system in an
increasingly arid climate, rather than climate change alone.

Hydrogen-stable isotope analyses from the Angastaco Basin and basins farther south (presented in
Chapter 6) reveal intriguing trends in their δDg records that might be related to variable atmospheric
flowpatterns, which have recently been observed to alter the present-day isotope composition ofmeteoric
water (Rohrmann et al., 2014). Present-day oxygen and hydrogen stable-isotope compositions of water
from small streams and rivers across the easternAndean flank showed that in the subtropical Andes south
of ca. 25° S the commonly observed isotope-elevation relationship breaks down. This phenomenon was
mainly explained with atmospheric processes favoring enhanced convective rainout, which causes non-
systematic isotope fractionation with temperature and elevation across the eastern flank of the orogen.
Although a systematic recurrent mechanism behind those variations cannot be explained for the study
area at present, episodes representing times of reduced convective rainfall may afford the opportunity to
gain more insight into the elevation history of the basins and their adjacent ranges. Importantly, the data
presented suggests relatively low elevation, comparable to the foreland, until possibly 7Ma, followed by
surface uplift. Thereafter, results are inconclusive in termsof the character of paleoenvironmental change,
but suggest enhanced aridity due towindward range uplift as early as 5Ma (supported by evaporitic layers
in the San Felipe Formation), but at least by 1Ma. This time span is broadly consistent with previous
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estimates of enhanced aridity in the Angastaco Basin, proposing maximum aridity in the basin by 5 Ma
(Bywater-Reyes et al., 2010) or the onset of tectonically induced aridity between 5.2 to 2.4Ma (Coutand
et al., 2006; Strecker et al., 2007a).

Although the timing and style of foreland fragmentation and intermontane basin formation in theAn-
gastaco and Humahuaca areas are very similar, some fundamental differences exist in their δDg records.
The interpretation of the δDg signal from the Humahuaca Basin - indicative for uplift and subsequent
aridification - is relatively straightforward, which is owed to seemingly similar atmospheric circulation
patterns, and therefore a well-pronounced isotope-elevation relationship in NWArgentina, since at least
late Miocene time (this study). The late Miocene to Pleistocene δDg signal from the Angastaco Basin,
however, suggests a rather complex history of uplift and subsequent aridification, which is likely related
to variable atmospheric conditions, such as the influence of convective rainfall, changing the commonly
expected isotopic relationship with elevation. Even though it is possible to extract limited paleoaltimet-
ric information from the Angastaco record, the results presented in Chapter 6 call for caution when at-
tempting the interpretation of stable isotope records based on meteoric waters, if modern atmospheric
conditions, due to a combination of tectonically and climatically controlled processes, are complex and
still not fully understood.

7.2 Hydrogen stable isotopes from hydrated volcanic ashes

In addition to paleoenvironmental inferences based on surface uplift and associated climate change in in-
termontane basins along the eastern Puna-Plateaumargin inNWArgentina, this thesis has provided new
insights intoMio-Pleistocene paleo-atmospheric conditions using hydrogen stable isotope compositions
of hydrated glass from volcanic ashes intercalated in clastic sedimentary basin sequences. In addition, this
study highlights the need to compare high-elevation stable isotope data from the Puna Plateau with co-
eval datasets from sections obtained along the plateau margin to better understand paleoenvironmental
change within the orogen interior.

Hydrogen stable isotope measurements on volcanic glass have been used for some time now to recon-
struct paleoenvironmental conditions in a variety of settings (e.g., Friedman et al., 1992, 1993a,b). More
recent applications of this paleo-climate and paleo-elevation proxy have dealt with the topographic his-
tory of the Sierra Nevada in western North America (Mulch et al., 2008; Cassel et al., 2012, 2014). In
South America δDg values from the Altiplano Plateau in Peru suggest the attainment of modern eleva-
tions by about 16Ma (Saylor & Horton, 2014), ca. 6 Myr earlier than proposed for regions farther east
in the Bolivian Altiplano (Garzione et al., 2006, 2008). In contrast, Insel et al. (2012b) have shown that
simulated changes of δ18O (or δD) values do not systematically follow surface elevations, but are rather a
function of threshold elevations that cause abrupt climate change. Therefore, rapid and dramatic change
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in stable isotope composition derived from orogenic plateau regions may also represent a response to
gradual surface uplift.

Dettinger (2013) and Dettinger & Quade (2015) tested the validity of δDg as a proxy for paleoeleva-
tions in NW Argentina between ca. 23 and 27° S and confirmed the empirical glass-water fractionation
equation of (Friedman et al., 1993a), which translates hydrogen-glass compositions into the equivalent of
its parent meteoric water. Canavan et al. (2014) presented a δDg record from late Eocene to Pleistocene
volcanic ash deposits on the southern Puna Plateau and inferred the existence of high topography, similar
to modern elevations, throughout this time interval. However, this is in contrast to previous findings
that suggest that the onset of the South American low-level jet, as an integral part of the South Ameri-
canMonsoon system, is associatedwith the development of at least 50%ofmodern elevations (~2,000m)
along the present-day Puna-Plateaumargin at about 8 to 10Ma (Lenters&Cook, 1997; Ehlers&Poulsen,
2009; Poulsen et al., 2010; Mulch et al., 2010). Other problems in interpreting stable isotope records for
paleoaltimetric purposes in the Andean plateau realm of that age is that the source water cannot be suf-
ficiently identified at the moment, nor can burial heating be excluded. Carrapa et al. (2014) report δDg

data from the plateau-bounding, intermontane Angastaco Basin at about 25° S. Based on their limited
data they infer that this basin attained its current elevation of ca. 2,000m by at least 10 to 6Ma. How-
ever, an alternative interpretation to this inference is suggested in Chapter 6, based on additional δDg

results from the same basin and adjacent foreland sectors. The new data suggest that until about 7Ma the
Angastaco basin and other basins to the southwere at similar elevations compared to the foreland regions
to the east. Moreover, this study of paleo-records suggests that changing atmospheric patterns and daily
heat storage within large intermontane basins interfered with hydrogen stable-isotope compositions via
modulating the general style of rainfall (convective vs. adiabatic) along the eastern Puna Plateau margin.
This finding is supported by recently obtained data on the modern distribution of stable-isotope com-
positions across this region, which is fundamentally impacted by convective processes (Rohrmann et al.,
2014). Interestingly, north of 25° S, however, such problems currently do not seem to hamper the inter-
pretation of hydrogen stable isotopes (Rohrmann et al., 2014), which is why, negative changes in δDg in
the Humahuaca Basin may be interpreted as a gain in surface elevations.

The stable isotope-based findings presented in this study were mainly derived from intermontane
basins within the Eastern Cordillera and the broken foreland provinces east of the Puna Plateau. To de-
cipher aspects of landscape evolution in these areas this is an adequate approach, because isotopic signals
of rainfall produced by the ascent of moisture-bearing winds along the foothills of the Andes, generally
correlate well with elevations at which rainfall occurs (Rohrmann et al., 2014; Dettinger &Quade, 2015,
this study). Effects on the composition of meteoric waters from the adjacent hinterland can thus be well
associated with surface uplift and orographic barrier formation. However, in light of spatial differences
in isotope compositions shown in this study and current debates on the timing and style of uplift as well
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as the mechanisms driving plateau uplift, it is problematic to simply extrapolate information on tectono-
sedimentary and paleoenvironmental changes obtained fromhydrogen stable isotopes in the investigated
regions into the plateau interior. Likewise, it appears questionable, whether the interpretation of equiv-
alent datasets from the plateaus alone can provide quantitatively useful information on paleoelevations
and/or climate change, when windward processes along the margin impact the stable isotope composi-
tion of the remainingmoisture on the plateau (e.g., Blisniuk&Stern, 2005). Hence, future studies should
strive to compare stable-isotope ratios from the eastern plateau margin with those from the plateau in-
terior. With this approach it may be eventually possible to better understand how strongly changes in
moisture supply along the plateau margins affect isotope compositions in the orogen interior, and con-
sequently, what the remaining variations in δDg may tell us about paleoenvironmental change on the
plateau.
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Appendix B

Stratigraphic correlation of volcanic ashes

B.1 Stratigraphic correlations
Four out of 17 volcanic ash samples presented in this study have been stratigraphically correlated with
previously dated horizons (Fig. B.1): (a) Sample 10HUM22 is located in the Incahuasi section and in-
terbedded between two radiometrically dated samples (08HUM05 and 08HUM06; Fig. B.1). Therefore,
the age of 10HUM22must bewithin the range of 4.8± 0.2Ma and 4.2± 0.1Ma. As a result, 10HUM22 is
assigned an age of 4.6± 0.5Ma, with the error covering the range of possible ages. (b) Samples 10HUM26
andMAI240307-01 both come from the basal part of the Maimará section (Fig. B.1). This section is the
northern continuation of the Incahuasi section (ca. 4.8 to 3.5 Ma), which can be deduced from major
lithologies exposed at both outcrops - thick consolidated mud- and sandstones of the Maimará Forma-
tion, interbedded with conglomerates and alluvial fan deposits. Moreover, the lowermost ash in a nearby
section in the Quebrada de Maimará (with identical characteristics) shows a U-Pb zircon age of 5.7 ± 0.1
Ma (10HUM02). Since both sampled ashes in theMaimará Formation neither belong to the lowermost,
nor to the uppermost section of the Maimará Formation, the age for both samples has to be roughly
between 4.5 and 5.5 Ma, which results in an age estimate of 5.0 ± 0.5 Ma. (c) Sample 10HUM20 was
collected from an ash lens in the Quaternary conglomeratic gravels. Stratigraphically about 200 m be-
low our sample, another volcanic ash shows a radiometric age of 0.8 Ma (Strecker et al., 2007a). Hence,
10HUM20 must have been deposited between 0.8 Ma and present, which lead to the crude age estimate
of 0.5 ± 0.5 Ma.



140 Appendix B. Stratigraphic correlation of volcanic ashes

Figure B.1 – Stratigraphic sections from Incahuasi and Maimará showing radiometrically dated ash layers (Pingel
et al., 2013) in the Maimará Formation. Stars indicate correlated samples. Gray area shows estimated age range of
10HUM26 andMAI240307-01.



Appendix C

Hydrogen-isotope analysis

The analysis of stable hydrogen isotopes in volcanic glass from ash-fall layers is based on the observation
that rhyolitic glass incorporates large amounts of water (~3-8 wt%) during the post-eruptive hydration
process and becomes saturated after only 1-10 k.y. (Friedman et al., 1992, 1993a,b; Shane & Ingraham,
2002; Mulch et al., 2008; Dettinger, 2013). Friedman et al. (1993a; 1993b) empirically determined the
isotopic fractionation between the environmental water present during hydration and the water that
subsequently diffuses into the glass structure. To a certain degree this permits estimating the isotopic
composition of environmental water (δDw) at the time of the ash emplacement by converting isotope
ratios of volcanic glass (δDg ) using the following equation:

δDw = 1.0343 · (1000 + δDg)− 1000 (C.1)

Themost common source of this environmentalwater canbe assumed toderive frommeteoric sources,
because (a) volcanic ashes are deposited instantaneously onto the Earth’s surface and (b) the time needed
for full hydration is relatively short (1-10 ky). Importantly, it has been shown that the stable hydrogen
isotope signal of volcanic glass remains stable over geological time (Friedman et al., 1992, 1993a,b; Mulch
et al., 2008; Cassel et al., 2012; Dettinger, 2013). Moreover, the isotope signatures in volcanic glass rep-
resent mixed compositions averaged over thousands of years, and thus, independent of small-scale vari-
ations (i.e., daily to centennial) in the isotopic composition of meteoric water. This renders the stable
hydrogen isotope composition of hydrated volcanic glass an important proxy for the isotopic composi-
tion of ancient meteoric water and therefore, ideal to decipher environmental changes that are related to
changes in the isotopic composition of precipitation on the timescales of mountain building.

C.1 Volcanic glass samples
Volcanic ash samples were crushed and sieved and then treatedwith 10% hydrochloric acid for 15min and
5% hydrofluoric acid for 30 sec in an ultrasonic bath to remove altered and birefringent rims and adher-
ent carbonate and clay minerals. Subsequently, samples were rinsed with water and dried at max. 70°C.
Where separates needed further concentration standard magnetic and density techniques were applied.
Glass shards (125-250 µm) were handpicked using a cross-polarizing microscope. About 1.5 mg of each
sample was packed in silver foil, loaded, and released to a helium-purged Thermo-Finnigan TC/EA (high
temperature conversion/elemental analyzer) equipped with a Costech zero-blank auto sampler. The ex-
tracted sample gaswas admitted into aThermo-FinniganConFlo III connected in continuous-flowmode
to a Thermo-Finnigan MAT 253 stable-isotope mass spectrometer. Five internationally referenced stan-
dard materials and laboratory-working standards were run with our samples, random samples were du-
plicated and tested for consistency, and the raw isotope data were corrected for mass bias, daily drift of



142 Appendix C. Hydrogen-isotope analysis

the thermal combustion reactor, and offset from the certified reference values. After correction, NBS30
(biotite), CH-7 (polyethylene), and NBS22 (oil) reference materials yielded δD= -64.3 ± 0.8h -104.5 ±
0.6h -117.5 ± 1.1h respectively. Repeated measurements of various standards and unknowns yielded
a precision of ±3.0h for δDg . Duplicates of three samples (08HUM05, 08HUM07, and 10HUM22)
yielded a standard deviation of less than 3.0h. This is also the precision presented for all δDg data. One
triplet of sample 08HUM03 yielded an average δDg value of -83.2 ± 2.8h. All isotope measurements
were performed at the Joint Goethe University-BiK-F Stable Isotope Facility, Frankfurt. All isotopic ra-
tios are reported relative to V-SMOW.

C.2 Modern stream water samples

Measurements were performed on 1-ml aliquots using an LGR 24d liquid isotope water analyzer. δDw

values were corrected based on internal laboratory standards yielding precisions typically <0.6h (2σ).
All isotope measurements were performed at the Joint Goethe University-BiK-F Stable Isotope Facility,
Frankfurt. All isotopic ratios are reported relative to V-SMOW.

C.3 Stable isotope compositions of hydrated volcanic glass

We obtained hydrogen isotope ratios from 17 ash samples collected between the years 2007 and 2010 in
the sedimentary strata of the intermontane Humahuaca Basin (~23-24°S lat) in NW Argentina (Table
C.1). Moreover, the glass isotope data shows no significant trend with latitude (Fig. C.1).

C.4 Water content of volcanic glass

The NBS-30 biotite is an IAEA standard with a well know composition, e.g., water content (3.68 wt%)
(Gonfiantini, 1984). Per measuring cycle of ca. 35 standards and unknowns, three NBS-30 standards
were run to calibrate unknowns. Because its water content is known, NBS-30 also helps to estimate the
water content of hydrated volcanic glass samples from the same measuring cycle (Table C.2). The water
content of volcanic glass was calculated by comparing the averaged ratio between volt-second peak area
(determined by mass spectrometry) and NBS-30 mass to that of unknowns:

Area allSmp · MStd·3.68 wt%
100·Area allStd

MSmp
· 100, (C.2)

where M is mass and Area all is the volt-second peak area.

C.5 Stable isotope compositions of modern stream-water and rainfall

We collected six modern stream-water samples in the Humahuaca Basin (inMarch 2010, 2011, and 2012)
from elevations similar to the sampled ashes and measured their stable oxygen and hydrogen isotopic
composition (Table C.3).

Using Eq. C.1 we can convert these compositions into amodern hydrogen-glass composition and com-
pare results from lateMio-Pliocene sampleswithpresent-day conditions (TableC.3). TableC.3 also shows
the average annual isotope composition of rainfall from 3 long-term stations (IAEA, 2013) near Purma-
marca, Molinos, and Salta in NW Argentina. All δ18O and δD values fall closely along the global mean
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water line (GMWL; Craig, 1961):

δD = 8 · (δ18O) + 10h, (C.3)

which indicates minor evaporation of stream waters and rainfall in this region (Figs C.2). This data also
shows a systematic relationship between δDw and elevation (lapse rate) of -24.2h/km (Fig. C.3). How-
ever, our lapse rate is only based on a limited number of samples. Recently, Dettinger (2013) presented
an isotopic lapse rate for the Eastern Cordillera (-13.7h/km). Most of their samples were collected along
transects across the eastern Andean margin, through the Quebrada del Toro and Quebrada de Escoipe,
at roughly 24.5°S latitude. This is approximately only 100 to 150 km south of our study area and repre-
sents the best available published isotopic lapse rate, for our study area, at this time. Other modern water
samples used in their compilation and lapse rate calculations are from four nearby low to mid-elevation
GNIP stations from elevations between 187 and 1,300 m (IAEA, 2013). Our modern isotopic water data
shows some deviation from this dataset. Because of that, when relating our observed trends in the hydro-
gen isotopic composition of volcanic glass data to changes in elevation, we use a combined dataset (Fig.
C.4). This new dataset produces a lapse rate of -14.5h/km with a precision of ±1.1 km (2σ).
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Figure C.1 – δDg of glass (color-coded circles) and δDgc from stream water samples (blue squares) vs. latitude
showing no significant trends in the stable isotope data with latitude.

Figure C.2 – δ18O vs. δD from stream-water samples collected in March 2010, 2011, and 2012 in the Humahuaca
Basin and 3 GNIP stations (IAEA, 2013) showing a good correlation with the global mean water line (red line,
GMWL; Craig, 1961) and the local mean water line from the Eastern Cordillera at 24.5°S lat (blue line; Dettinger,
2013).
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Figure C.3 – Systematic relationship of δD from stream-water samples and GNIP stations (IAEA, 2013) with el-
evation (-24.2 h/km, blue line). Red line shows the isotopic lapse rate of Dettinger (2013) determined for NW
Argentina (-13.7h/km).

Figure C.4 – Combined dataset of modern water samples from this study and Dettinger (2013) showing a δD vs.
elevation relationship of -14.5h/km. Black line is the regression line (black) with 1σ and 2σ envelopes.
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Figure C.5 – δD in precipitation and rainfall amount at Purmamarca GNIP station in the Humahuaca Basin at
~2,400 m a.s.l. (IAEA, 2013) showing (a) the lack of continuous measurements and (b) high annual variability in
stable isotopes and rainfall amounts.
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Table C.3 – Results of modern water stable isotopes

Sample δ18O (h) δDw (h) δDgc (h)∗ Lat. (°) Lon. (°) Elev. (km)

Río Huasamayo -9.3±n.a. -64.0±n.a. -94.8 -23.590 -65.367 2930
Río Huichaira I -9.6±n.a. -62.1±n.a. -93.0 -23.571 -65.451 2800
Río Huichara II -9.9±.04 -65.9±.4 -96.8 -23.590 -65.410 2551
Río Yacoraite -9.7±.05 -66.1±.1 -96.9 -23.384 -65.341 2723
Río Juella -9.3±.03 -59.6±.1 -90.6 -23.532 -65.378 2530
Río Tumbaya -9.3±.02 -61.0±.1 -92.0 -23.812 -65.533 2549
GNIP Purmamarca -7.9±3.4 -55.3±19.2 - -23.750 -65.500 2400
GNIPMolinos -4.4±1.9 -25.2±13.5 - -24.110 -65.190 1300
GNIP Salta -6.2±1.4 -34.8±10.8 - -24.780 -65.400 1187

Note: All samples were measured using LGR 24d liquid isotope water analyzer at Goethe University, Frankfurt (Germany).
Where available, errors for average δ18O and δDw values are given in 1σ. Average δDgc in the Humahuaca Basin is -94.0 ± 5.1h
(error indicates 2 standard deviation).
GNIP: Global Network of Isotopes in Precipitation
∗Reconstructed isotopic glass composition using fractionation equation (Eq. C.1) described in Friedman et al. (1993a)





Appendix D
40Ar/39Ar biotite dating of sample UQ270307-2

Here we describe the treatments and methodologies to estimate the depositional age (40Ar/39Ar age) of
the UQ270307-02 volcanic ash sample that was collected in March 2007 from the sedimentary strata of
the intermontane Humahuaca Basin in the Eastern Cordillera of NW Argentina. The crystal-rich ash
is interbedded in the middle to upper section of the fossil-bearing Uquía Formation (Castellanos, 1950;
Marshall et al., 1982; Walther et al., 1998; Reguero et al., 2007) and was collected 2860 m a.s.l. at 23.353°
S lat and 65.369°W lon. 40Ar/39Ar dating of potassium-bearing minerals is based on the measurement
of the ratio of 40Ar (a naturally occurring radioactive decay product of 40K), accumulating in the mineral
structure below a certain closure temperature, over 39Ar (a product of irradiating 39K with fast neutrons
in a nuclear reactor;Merrihue&Turner, 2012). For a volcanic rock thismeans that the 40Ar/39Ar agemay
represent the timing of eruption and deposition, if the sample has not been reheated due to secondary
processes (e.g., exposure to intrusive magmatic rocks).

D.1 Sample preparation

Biotite (Bt) mineral separation was performed at the Department for Earth and Environmental Sciences
at PotsdamUniversity (Germany) following standard separation techniques. The sample UQ270307-02
was crushed and wet-sieved to extract desired grain sizes (400-500 µm). After chemical treatment in both
acetic acid (10% conc.) and hydrogen peroxide (3% conc.), the sample was thoroughly rinsed with de-
ionized water to remove adhered secondary carbonates and organic matter. Inclusion-free Bt was then
handpicked under a binocular microscope.

D.2 40Ar/39Ar dating

The inclusion-free, euhedral Bt crystals were packed in commercial-grade Al foil and placed in a 99.999%
pure Al-sample holder (35 mm diameter and 43 mm height) in which several holes were drilled for load-
ing samples. Finally, the sample holder was wrapped in 0.5-mm thick Cd foil to cut off unnecessary ther-
mal neutron flux. Neutron activation of the samples was performed at the Geesthacht Neutron Facility
(GeNF) of the GKSS research centre of Geesthacht (Germany) for 4 days, where the fast neutron flux is
about 1·1012 n cm-2 s-1. The samples were irradiated together with the Fish CanyonTuff sanidine age stan-
dard in order to obtain the J value parameters for monitoring neutron flux. This standard was prepared
and dated as 27.5 Ma at the Geological Survey of Japan (Uto et al., 1997; Ishizuka, 1998). Moreover, two
K-Ar age standard biotites, SORI93 biotite (92.6± 0.6Ma; Sudo et al., 1998) andHD-B1 biotite (24.21±
0.32Ma, 24.18 ± 0.09Ma; Hess & Lippolt, 1994; Schwarz &Trieloff, 2007) were irradiated and analyzed
in order to confirm the accuracy of the system. K2SO4 and CaF2 crystals were also irradiated together
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to correct the interference of Ar isotopes produced by the interaction of neutrons with K and Ca in the
sample.

Figure D.1 – Age spectrum, 37ArCa/39ArK ratios, and normal isochron by 40Ar/39Ar analysis, C08049, of
UQ270307-2 biotite. All errors indicate 1 sigma error.

After one month’s cooling at GeNF, samples were brought to Potsdam then Ar-isotope analysis was
performed at the 40Ar/39Ar geochronology laboratory, Institute of Earth and Environmental Sciences,
University of Potsdam (Germany). The analytical system at Potsdam University has been described in
the recent literature (Vásquez et al., 2010; Wilke et al., 2010; Halama et al., 2014) and consists of: (a)
a New Wave Gantry Dual Wave laser ablation system with a 50W CO2 laser (wavelength 10.6 µm) for
heating and extracting sample gas, (b) an ultra-high vacuum purification line with SAES getters and a
cold trap used at the frozen temperature of ethanol, and (c) a high-sensitivity Micromass 5400 noble gas
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mass spectrometer equipped with an electron multiplier for pulse counting, which effectively works for
very small amounts of gas.

Single stepwise heating of the sample has been conductedwith a defocused continuousCO2 laser beam
for 1 minute. Then, the extracted gas has been exposed to the SAES getters and a cold trap for 10 minutes
to gain a pure Ar-sample gas. Finally, the Ar gas was admitted to the mass spectrometer to determine
the Ar-isotope ratios. The isotopic ratios of each analysis have finally been obtained after corrections of
blank, mass discrimination by the analysis of atmospheric argon, interference of Ar isotopes derived from
Ca and K, and the decay of the Ar isotopes (37Ar and 39Ar) produced by the irradiation. Age and error
calculation followed descriptions in Uto et al. (1997).

Fifteen biotite grains were used for single stepwise heating analysis (Laboratory ID: C08049). Table
D.1 and Figure D.1 show the results of that analysis. The obtained plateau (total 39Ar fraction is 84.5%)
satisfies the criterion by Fleck et al. (1977) and the plateau age is 2.63 ± 0.02 Ma (Fig. D.1). All errors
presented here are 1 sigma error. The normal isochron age calculated with the plateau steps following
York (1968) is 2.72± 0.10Ma (Fig. D.1). The y-intercept of the normal isochron (290± 6) implies that the
initial 40Ar/36Ar ratio of the biotite does not differ from the atmospheric 40Ar/36Ar ratio (295.5; Steiger
& Jäger, 1977). As both ages agree within error, we prefer the more precise plateau age (2.63 ± 0.02 Ma)
for the UQ270307-2 biotite.

Table D.1 – 40Ar/39Ar analytical results of UQ270307-2 biotite, C08049

Laser 40Ar/39Ar 37Ar/39Ar 36Ar/39Ar 37ArCa/ 40Ar∗ 39ArK 40Ar*/39ArK Age(±1s)
Output† (x10-3) 39ArK (%) (%) (Ma)

Sample ID: UQ270307-2 (biotite) Laboratory ID: C08049
J = 0.00198
1.60% 224.17 ± 0.7 0.032 ± 0.005 774.27 ± 3.67 0.03 -2.06 1.26 -4.62 ± -0.91 -16.58 ± -3.27
2.00% 50.49 ± 0.12 0.001 ± 0.003 163.58 ± 0.51 0 4.27 2.41 2.16 ± 0.1 7.69 ± 0.37
2.60% 11.06 ± 0.02 0 ± 0.004 33.98 ± 0.16 0 9.18 11.81 1.02 ± 0.05 3.62 ± 0.16
3.20% 2.25 ± 0 0.002 ± 0.001 5.14 ± 0.05 0 32.49 26.22 0.73 ± 0.01 2.61 ± 0.05
3.60% 1.91 ± 0.01 0.003 ± 0.002 3.84 ± 0.06 0 40.59 14.78 0.77 ± 0.02 2.76 ± 0.07
4.20% 2.12 ± 0 0.009 ± 0.004 4.72 ± 0.04 0.01 34.43 18.54 0.73 ± 0.01 2.61 ± 0.04
4.60% 1.93 ± 0.01 0.009 ± 0.004 4.11 ± 0.06 0.01 37 10.96 0.71 ± 0.02 2.54 ± 0.07
5.20% 1.58 ± 0.01 0.012 ± 0.003 2.84 ± 0.03 0.01 47.04 14.01 0.74 ± 0.01 2.65 ± 0.04

Plateau age (4 steps from 3.2% to 5.2%): 2.63 ± 0.02
Total gas age: 2.63 ± 0.05
Normal isochron age (of plateau steps): 2.72 ± 0.1
Inverse isochron age (of plateau steps): 2.72 ± 0.1

†100% corresponds to 50W output of CO2 laser. All the errors indicate 1 sigma error. ∗radiogenic 40Ar





Appendix E

U–Pb& U–Th zircon geochronology

Table E.1 – Summary of U–Pb zircon analytical dataa

sample/ 238U/ 238U/ 207Pb/ 207Pb/ Corr. of 206Pb/ ±1σ U Th UO+/b 206Pbc
grain 206Pb 206Pb 206Pb 206Pb Concordia 238U (Ma) (ppm) (ppm) U+ (%)

±1σ ±1σ Ellipses Age (Ma)

Ash2
1 744 66 0.0627 0.0145 -0.16 8.56 0.79 270 120 8.5 98
10 660 47 0.0548 0.0082 0.1 9.74 0.71 750 450 8.3 99
2 650 47 0.0487 0.0037 -0.09 9.99 0.71 2,600 360 8.4 100
3 725 62 0.062 0.0188 0.09 8.77 0.79 380 460 8.5 98
4d 577 56 0.045 0.005 -0.14 11.3 1.1 940 190 8 100
5d 593 48 0.0492 0.0044 -0.06 10.9 0.9 1,800 260 8 100
6 654 60 0.0666 0.0066 -0.14 9.69 0.92 1,500 320 8.3 97
7d 538 40 0.118 0.004 -0.05 10.9 0.9 3,600 4,700 8.1 91
8 517 57 0.278 0.082 -0.53 8.85 2.1 500 290 9 70
9 708 55 0.0548 0.0049 0.31 9.1 0.71 1,400 270 8.7 99
AshQ
1e 163,000 28,000 0.318 0.085 0.3 0.1 0.05 8,500 2,200 8.4 65
2e 78,900 14,300 0.409 0.107 0.05 0.1 0.05 3,100 1,200 8.6 54
3e 55,600 16,000 0.505 0.224 0.41 0.1 0.05 860 360 8.2 41
4e 194,000 38,000 0.448 0.168 0.41 0.1 0.05 6,400 1,400 8.4 49
5e 41,100 16,600 1.16 0.85 0.64 0.1 0.05 260 180 8.6 -
AshU
1 11.6 0.8 0.0575 0.0008 0.06 534 38 790 70 8.2 100
2e 51,500 20,400 0.745 0.314 0.56 0.1 0.05 760 220 8.3 11
3e 93,800 18,700 0.51 0.176 0.59 0.1 0.05 3,100 810 8.4 41
4e 125,000 26,000 0.328 0.118 0.81 0.1 0.05 6,200 1,800 8.4 64
5e 86,100 20,500 0.58 0.202 0.33 0.1 0.05 2,200 490 8.3 32
SA150406-01
1e 70,800 22,800 0.724 0.266 0.34 0.1 0.05 790 580 8.7 13
2e 1,080 130 0.828 0.061 0.09 0.1 0.05 490 400 8.4 -
3e 126,000 22,000 0.315 0.106 0.31 0.1 0.05 6,400 2,000 8.4 66
4e 53,400 15,900 0.482 0.189 0.45 0.1 0.05 820 210 9.5 44
5e 9,010 1,900 0.617 0.206 0.34 0.1 0.05 350 260 8.4 27
SA150406-03
2e 60,200 8,400 0.533 0.144 0.65 0.1 0.05 4,000 1,400 8.2 38
3e 1,590 240 0.829 0.053 0.02 0.1 0.05 490 410 8.2 -
4e 46,100 19,400 0.888 0.358 0.48 0.1 0.05 530 270 8.4 -
5e 39,600 9,600 0.484 0.276 0.47 0.1 0.05 800 210 8.3 44

aThe reproducibility of the AS3 standard (Paces &Miller, 1993) is one relative standard deviation 2.7% (n = 36)
bUO+/U+ calibration range for AS3 is between 8.0 and 8.6
cRadiogenic after 207Pb-based common Pb correction; 207Pb/206Pb common = 0.823
dExcluded frommean
eApproximate age after disequilibrium correction
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Table E.2 – Summary of U–Th zircon analytical dataa

Sample/Grain (238U/232Th) (230Th/232Th) Age (ka) +2σ -2σ U (ppm)

SA150406-01
1 4.65 ± 0.19 2.95 ± 0.19 91 14 -14 650
2 3.85 ± 0.16 1.63 ± 0.25 37 12 -12 230
3 11.7 ± 0.44 6.3 ± 0.25 78 6 -6 5000
4 9.47 ± 0.4 5.8 ± 0.2 95 10 -8 3300
5 3.81 ± 0.23 1.79 ± 0.33 47 20 -18 260
6 1.58 ± 0.1 0.91 ± 0.11 27 20 -18 360
7 6.05 ± 0.77 5.72 ± 0.7 304 ∞ -204 630
8 8.37 ± 0.31 6.13 ± 0.46 134 26 -24 630
9 2.94 ± 0.13 1.3 ± 0.22 33 16 -14 290
10 4.54 ± 0.16 1.85 ± 0.3 38 12 -12 270
11 3.83 ± 0.2 1.85 ± 0.37 49 22 -20 200
12 6.4 ± 0.27 4.74 ± 0.17 134 18 -16 2800
13 5.88 ± 0.37 4.79 ± 0.42 170 58 -46 430
14 3.74 ± 0.15 1.48 ± 0.31 31 16 -14 310
15 2.58 ± 0.18 2.36 ± 0.18 232 172 -94 1000
SA150406-03
3 3.5 ± 0.14 1.31 ± 0.21 26 10 -10 360
2 8.31 ± 0.29 4.91 ± 0.22 88 8 -8 2600
4 6.13 ± 0.22 5.31 ± 0.26 206 48 -40 1200
5 8.85 ± 0.61 6.71 ± 0.45 146 36 -30 800
6 6 ± 0.29 3.49 ± 0.35 81 18 -16 460
7 10.5 ± 0.51 5.89 ± 0.26 82 10 -8 2700
8 8.4 ± 0.32 3.26 ± 0.77 44 18 -16 200
9 7.15 ± 0.39 6.94 ± 0.48 377 ∞ -200 540
10 51.2 ± 2.44 47.95 ± 3.17 299 200 -102 750
11 3.23 ± 0.14 1.52 ± 0.21 42 14 -14 360
12 5.4 ± 0.21 2.76 ± 0.34 63 16 -14 310
13 4.04 ± 0.18 3.7 ± 1.06 248 ∞ -206 90
16 6.66 ± 0.3 4.75 ± 0.21 124 18 -16 1900
AshQ
1 6.84 ± 0.27 4.79 ± 0.2 119 14 -14 7900
2 7.88 ± 0.5 5.97 ± 0.34 144 30 -28 990
3 5.23 ± 0.19 3.05 ± 0.24 80 14 -12 700
4 12.6 ± 0.45 7.13 ± 0.22 85 6 -6 4400
5 4.17 ± 0.18 2.08 ± 0.41 55 24 -20 220
6 1.65 ± 0.06 1 ± 0.06 38 12 -10 1200
7 3.62 ± 0.13 1.62 ± 0.24 40 14 -14 320
8 2.88 ± 0.11 1.56 ± 0.21 53 18 -16 280
9 3.25 ± 0.15 1.55 ± 0.19 43 12 -12 390
10 12.6 ± 0.44 7.31 ± 0.4 89 10 -10 1400
11 3.82 ± 0.17 2.59 ± 0.32 101 32 -28 330
12 7.84 ± 0.31 4.04 ± 0.5 69 16 -14 620
13 2.93 ± 0.14 1.68 ± 0.22 62 22 -20 320
14 2.85 ± 0.24 2.71 ± 0.18 297 ∞ -154 2200
15 7.25 ± 0.28 3.14 ± 0.49 51 14 -12 250
AshU
2 10.1 ± 0.36 6 ± 0.54 91 16 -16 560
3 12.5 ± 0.51 7.26 ± 0.3 89 8 -8 2500
4 10.5 ± 0.37 5.73 ± 0.18 78 6 -6 5000
5 11.6 ± 0.58 8.04 ± 0.4 121 18 -16 1700
6 7.8 ± 0.47 4.82 ± 0.5 95 22 -20 560
7 7.97 ± 0.35 5 ± 0.19 97 10 -10 3200
8 4.83 ± 0.33 5.12 ± 0.39 ∞ ∞ ∞ 560
9 4.79 ± 0.22 1.94 ± 0.28 39 12 -10 370
10 9.33 ± 0.32 5.89 ± 0.32 100 12 -12 1900
11 4.81 ± 0.19 2.46 ± 0.35 60 18 -16 250
12 3.78 ± 0.14 2.04 ± 0.2 61 14 -12 560
13 12.4 ± 0.47 6.67 ± 0.33 78 8 -8 3100
14 2.83 ± 0.1 1.49 ± 0.28 50 24 -22 200
15 9.02 ± 0.63 4.73 ± 0.59 72 18 -16 410
16 5.96 ± 0.29 1.69 ± 0.38 22 10 -10 320

aDecay constants: λ230 = 9.1577 · 10−6 a−1; λ232 = 4.9475 · 10−11 a−1;
λ238 = 1.55125 · 10−10 a−1; Ages are calculated from two point isochrons between
zircon and melt using rhyolitic whole-rock compositions (230Th)/(232Th) = 0.724 and
(238U)/(232Th) = 0.726 (Bourdon et al., 2000). All errors are reported in 2σ.
∞–secular equilibrium.
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172 Appendix G. U–Pb& (U–Th)/He zircon geochronology

Table G.3 – (U–TH)/He analytical data for sample 005& the Fish Canyon Tuff standard

Sample Age (Ma) Error (Ma)* U (ppm) Th (ppm) 147Sm (ppm) [U]e** Th/U He (nmol/g) mass (µg) Ft*** ESR****

005 – S 25.697°; W 66.180°
zHP005-1 1.05 0.08 523.1 257.0 1.4 582.2 0.49 2.8 36.6 0.86 86.9 w.m. (Ma) 1.05
zHP005-2 1.03 0.08 573.3 250.0 1.1 630.8 0.44 3.0 21.1 0.84 75.4 ±2s 0.06
zHP005-3 1.25 0.10 592.3 242.1 1.5 648.0 0.41 3.8 47.8 0.87 96.4 MSWD= 1.03
zHP005-4 1.04 0.08 690.5 219.1 1.4 740.9 0.32 3.6 28.8 0.86 86.7 n = 8
zHP005-5 0.93 0.07 201.7 85.6 1.4 221.4 0.42 1.0 47.6 0.88 104.1
zHP005-6 1.06 0.08 463.2 304.0 1.3 533.2 0.66 2.6 24.9 0.84 76.5
zHP005-7 1.09 0.09 613.0 383.3 1.3 701.2 0.63 3.4 18.4 0.83 72.4
zHP005-8 1.06 0.08 566.8 280.4 1.4 631.4 0.49 3.0 17.5 0.83 70.7
Fish canyon tuff
zFCT-562 28.35 2.27 247.0 127.6 0.9 276.4 0.52 34.8 14.7 0.82 66.6
zFCT-563 28.06 2.25 170.1 83.0 1.0 189.2 0.49 23.3 10.7 0.81 63.4

*2sigma uncertainty based on 8% reproducibility, as deduced frommeasureed FCT zircon standard.
**[U]e is the effective uranium concentration.
***Ft is the alpha ejection coefficient, based on grain dimensions.
****ESR is equivalent spherical radius of the grains.
w.m. –Weighted mean age (Ma); MSWD -Mean square weighted deviation

Table G.4 – Summary of U–Pb zircon analytical data of volcanic ash samples using CAMECA IMS 1270 ion mi-
croprobe at UCLA.

Sample/ Analysis 238U/ 238U/ 207Pb/ 207Pb/ Level of 206Pb/ 206Pb/ U U/ 206Pb* Weighted average
grain date 206Pb 206Pb 206Pb 206Pb Concordia 238U age 238U age (ppm) Th (%) 206Pb/238U age ±2σ

±1σ ±1σ (Ma) ±1σ (Ma) (Ma)

CQ38 – S 27.115°; W 66.928°
1 May-04 1777.5 110.3 0.0760 0.0096 0.16 3.51 0.23 661 1247 96.2 3.65 0.12
2 May-04 1848.1 101.8 0.0678 0.0090 -0.10 3.44 0.20 844 1130 97.2 MSWD= 0.83
4 May-04 1763.7 61.3 0.0806 0.0079 -0.35 3.53 0.13 1066 1653 95.6
5 May-04 1777.5 55.6 0.0569 0.0057 0.30 3.65 0.12 1383 927 98.6
6 May-04 1532.6 135.3 0.1213 0.0158 0.17 3.86 0.38 174 178 90.4
7 May-04 1182.3 36.2 0.3191 0.0171 0.03 3.58 0.21 309 510 65.1
8 May-04 1460.5 131.8 0.1392 0.0073 -0.20 3.93 0.41 755 1044 88.1
9 May-04 1723.2 150.9 0.0661 0.0086 0.14 3.70 0.33 571 735 97.4
10 May-04 1719.7 130.7 0.1079 0.0225 0.17 3.45 0.30 338 844 92.1
13 May-04 1531.4 46.2 0.1090 0.0092 0.04 3.91 0.14 501 719 92.0
CQ12 – S 27.218°; W 67.045°
1 May-04 625.8 26.5 0.0642 0.0083 -0.47 10.10 0.45 309 435 97.7 † 8.74 0.53
3 May-04 619.2 16.1 0.0581 0.0035 0.00 10.31 0.34 1083 966 98.5 † MSWD= 0.41
4 May-04 541.7 17.7 0.0826 0.0145 -0.35 11.42 0.45 333 208 95.3 †
5 May-04 591.4 33.7 0.0588 0.0063 -0.03 10.79 0.63 396 285 98.4 †
6 May-04 741.8 33.3 0.0663 0.0111 0.23 8.54 0.41 104 68 97.4
7 May-04 525.8 12.7 0.1521 0.0064 -0.11 10.68 0.35 847 379 86.5 †
8 May-04 505.1 18.1 0.0585 0.0045 0.01 12.60 0.46 426 558 98.4 †
10 May-04 542.3 19.1 0.0570 0.0032 0.10 11.78 0.42 817 812 98.6 †
11 May-04 540.2 12.8 0.0614 0.0050 -0.17 11.79 0.39 627 166 98.1 †
12 May-04 547.0 15.4 0.0523 0.0014 -0.04 11.78 0.39 2327 774 99.2 †
13 May-04 722.0 27.9 0.0562 0.0046 0.04 8.89 0.35 339 242 98.7
14 May-04 465.1 9.5 0.0497 0.0039 -0.23 13.83 0.46 777 1073 99.6 †
15 May-04 427.7 11.0 0.0531 0.0030 0.23 15.00 0.49 3313 2517 99.1 †
16 May-04 530.2 14.6 0.0770 0.0040 -0.21 11.67 0.39 1628 4028 96.1 †

1σ – 1σ standard error
† – excluded from age calculations
all ages relative to standard zircon AS3 (1099.1 Ma) and corrected for 230Th disequilibrium using D230 = 0.2
? common Pb correction using Southern California anthropogenic 208Pb/206Pb = 0.8283
U concentrations estimated from standard zircon 91500 (U = 81 ppm); uncertainty approx. 13% (rel.)
U/Th mass ratio from 208Pb/206Pb vs. Th/U for AS3 standard zircon
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Figure G.1 – Cathodo-luminescence (CL) images of mounted zircons for four samples from the first analytical ses-
sion using a FEIQ400 FEG scanning electronmicroscope at theUniversity of California, Santa Barbara. CL images
reveal simple concentric zonation for the majority of zircons. Circles indicate the location of individual U-Pb anal-
yses using LA-ICPMS.
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Figure G.2 – Cathodo-luminescence (CL) images of mounted zircons for four samples from the first analytical
session using a FEI Q400 FEG scanning electron microscope at the University of California, Santa Barbara. CL
images reveal simple concentric zonation for the majority of zircons. Circles indicate the location of individual
U-Pb analyses using LA-ICPMS.
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178 Appendix H. Hydrogen stable isotope results of volcanic glass& paleoaltimetry estimates

Table H.2 – Paleoaltimetry results

Name δDwc (h) δ18Owc (h) Sample elevation (m) Paleoelevation* (m) -2σ (m) +2σ (m) Paleoelevation# (m)

Angastaco basin
Modern water -32.6 -2.8 - - - - -
Vc-050313-1 -32.6 -2.8 1650 1554 681 293 1845
005 -35.4 -3.2 1900 1712 754 332 2057
Ang-070313-1 -51.8 -5.2 1731 2518 1115 555 3178
AT6-7-R -41.8 -4.0 1925 2054 910 422 2526
AT3-11-R -40.0 -3.7 1820 1961 868 397 2398
AT3-9-R -40.8 -3.8 1820 2002 886 408 2453
Ar-11-Ash-5 -60.8 -6.3 1850 2871 1262 664 3676
Ar-11-Ash-4 -49.4 -4.9 1862 2414 1069 524 3030
AT2-7-R -44.3 -4.3 1855 2175 964 456 2694
AT2-2-R -43.7 -4.2 1914 2147 952 448 2655
Ar-11-Ash-2/3 -49.3 -4.9 1822 2407 1067 522 3020
AT4-3-R -56.9 -5.9 1845 2723 1201 618 3468
AI29 -63.9 -6.7 1900 2984 1307 700 3834
AT7-10-R -53.0 -5.4 1840 2567 1135 570 3247
Ang-070313-2 -39.9 -3.7 1825 1958 867 396 2393
Ang-070313-3 -43.1 -4.1 1825 2117 939 440 2614
ASH1EB-R -46.6 -4.6 1890 2284 1013 487 2847
AT3-9 -43.3 -4.2 1820 2126 943 442 2626
AT6-1 -64.0 -6.7 1880 2986 1308 700 3836
AT2-7 -41.8 -4.0 1855 2052 909 422 2523
AT4-3 -45.0 -4.4 1845 2208 979 465 2741
AT7-10 -54.1 -5.5 1840 2610 1154 583 3308
AT4-1 -42.0 -4.0 1820 2062 914 424 2537
AT1-1 -43.5 -4.2 1980 2136 947 445 2640
Statistics (min/mean/max) 1650/1850/1980 1550/2280/2990 1850/2840/3840

Southern basins
Corral Quemado
CQ38 -57.2 -5.9 2300 2735 1206 621 3484
VV-1 -43.1 -4.1 2500 2116 938 439 2613
CQ40 -44.2 -4.3 2360 2174 964 455 2693
CQ12 -44.4 -4.3 2106 2180 967 457 2702
Fiambalá basin
001 -44.5 -4.3 2750 2187 970 459 2711
074 -58.7 -6.1 2750 2793 1230 639 3566
003 -51.9 -5.2 2750 2522 1116 557 3183
FIA 840 -35.8 -3.2 1790 1736 765 338 2090
055 -66.3 -7.0 2215 3065 1339 726 3945
J26-04 -56.9 -5.9 2575 2725 1202 618 3470
Santa María basin & El Cajón
ENTR 909 -38.3 -3.5 2185 1872 827 373 2275
QJ4 -45.5 -4.4 2170 2236 992 473 2780
QDJ 983 -55.1 -5.6 2134 2653 1172 596 3368
T2-R -66.1 -7.0 2220 3060 1337 724 3938
Statistics (min/mean/max) 1790/2340/2750 1740/2430/3070 2090/3060/3950

Broken foreland
Ash U -45.3 -4.4 968 2223 986 469 2762
Ash Q -46.1 -4.5 1177 2263 1003 481 2817
AR14-ASH-1 -46.9 -4.6 775 2301 1020 492 2872
Ash2 -43.4 -4.2 1250 2135 946 444 2638
LVT-006 -46.0 -4.5 1170 2258 1001 479 2811
Statistics (min/mean/max) 780/1070/1250 2130/2240/2300 2640/2780/2870

Puna plateau between 25 and 28° S
SL-117 -42.4 -4.0 3461 2084 923 430 2567
Eastash2 -36.2 -3.3 3386 1758 775 344 2120
ALB-tuff-1 -63.1 -6.6 3437 2954 1295 690 3792
1SJ3.7 -72.7 -7.8 3369 3273 1417 792 4224
1SJ44 -75.1 -8.1 3389 3345 1444 815 4316
Eastash1 -36.1 -3.3 3395 1752 773 343 2112
PVN260 -64.1 -6.8 3663 2991 1310 702 3843
PVN226 -52.8 -5.3 3660 2557 1131 567 3233
PVN123 -73.5 -7.9 3643 3296 1426 800 4254
Vulcanash2 -64.5 -6.8 4383 3006 1316 707 3863
1AT8.3 -53.4 -5.4 3608 2582 1142 575 3268
Vulcanash5 -64.0 -6.8 3836 2988 1308 701 3838
Statistics (min/mean/max) 3370/3600/4380 1750/2720/3340 2110/3450/4320

*Rohrmann et al. (2014); #Dettinger &Quade (2015)
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