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Arbeit, die wörtlich oder sinngemäß aus anderen Quellen übernommen wurden, als solche kenntlich

gemacht sind, und dass die Arbeit in gleicher oder ähnlicher Form noch keiner Prüfungsbehörde
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Abstract

The Sierras Pampeanas in central and northwestern Argentina constitute a distinct morpho-

tectonic feature above the shallow subducting Nazca Plate beneath the South American Plate

between ∼27◦ S and ∼33◦ S. Uplift and deformation of the mountain ranges within this area

are interpreted to be closely related to this flat-slab subduction during the Neogene. New

thermochronological data, derived from application of the apatite fission-track, zircon and apatite

(U-Th)/He thermochronometers as well as from K-Ar dating of fault gouges, presented in this

thesis reveal new and improved insights of the thermal, structural, and morphotectonic evolution

of the Argentine Pampean ranges. In the Eastern and Western Sierras Pampeanas pronounced

cooling below ∼175 ◦C is related to a Permo-Triassic flat-slab subduction period affecting these

regions, whereas the northern Pampean ranges were presumably unaffected by this process.

During the Mesozoic locally restricted areas experienced burial re-heating, e.g. the Sierra de

El Gigante, due to rifting along reactivated Late Paleozoic major structures, but in general

cooling and exhumation continued in this phase, even though mainly decelerated. Final cooling

and exhumation to near-surface temperatures in the Eastern and Western Sierras Pampeanas

occurred between the Late Cretaceous and the Paleogene. This facilitates the idea of an already

existing positive topography since at least that time, which was just accentuated during the

Neogen, hence contradicts previous theories that the uplift of the mountain ranges in these areas

is completely linked to the Andean flat-slab subduction. Contrastingly, the region of the northern

Pampean ranges is characterised by a significantly different Cenozoic cooling history, which is

presumably influenced by the uplift of the Puna Plateau. Final cooling in this area occurred in

the Late Miocene following a period of burial re-heating during the Paleogene to Early Neogene.

Kurzfassung

Die Sierras Pampeanas in Zentral- und Nordwestargentinien stellen ein ausgeprägtes morphotek-

tonisches Merkmal im Bereich der flach subduzierenden Nazca Platte unter die Südamerikanische

Platte zwischen ∼27◦ S und ∼33◦ S dar. Diese flache Subduktion wurde bisher als Ursache für

die Heraushebung und Deformation von Höhenzügen innerhalb der Sierras Pampeanas während

des Neogens angenommen. Auf Basis von Apatit Spaltspurendatierungen, Zirkon und Apatit

(U-Th)/He Thermochronometern sowie K-Ar Datierungen von Störungsletten werden in der

vorliegenden Arbeit neue thermochronologische Daten vorgestellt, deren Interpretation eine

veränderte Modellvorstellung bezüglich der thermischen, strukturellen und morphotektonischen

Entwicklung der argentinischen Sierras Pampeanas aufzeigt. So ist die Abkühlung unter ∼175 ◦C

in den Östlichen und Westlichen Sierras Pampeanas auf eine Permo-Triassische flache Subduktion

innerhalb dieser Bereiche zurückzuführen, während die Entwicklung des nördlichen Teils des

Arbeitsgebietes davon nicht beeinflusst wurde. Im allgemeinen fand während des Mesozoikums



weiterhin Abkühlung und Exhumation statt. Nur lokal begrenzte Gebiete, wie z.B. die Sierra de

El Gigante, erfuhren eine Wiedererwärmung durch Sedimentablagerung in Riftbecken, die durch

Extension im Bereich von reaktivierten spätpaläozoischen Hauptstrukturen gebildet wurden. Die

finale Abkühlung und Exhumation zu oberflächennahen Temperaturen erfolgte in den Östlichen

und Westlichen Sierras Pampeanas zwischen der späten Kreide und dem Paläogen, wodurch

die Theorie, dass diese Bereiche schon seit mindestens der späten Kreide durch ein positives

Relief charakterisiert waren, das während des Neogens nur noch unwesentlich weiter ausgebildet

wurde, unterstützt wird. Dieses widerspricht der bisher postulierten Modellvorstellung, dass die

Heraushebung der pampeanischen Höhenzüge im wesentlichen durch die andine, flache Subduk-

tion begründet sei. Der Bereich der nördlichen Sierras Pampeanas ist dem gegenüber durch

eine känozoische Abkühlungsgeschichte charakterisiert, die durch die Heraushebung des Puna

Plateaus beeinflusst gewesen ist. In diesem Gebiet geht der finalen Abkühlung und Exhumation

im späten Miozän eine Wiedererwärmung, bedingt durch Sedimentablagerung, während des

Paleogens und des frühen Neogens voraus.
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Preface

The aim of the research project ”SI 438/31-1”, financed by the German Research Council (DFG),

constitutes the reconstruction of the thermal, structural, and landscape evolution of the Sierras

Pampeanas based on a combination of different thermochronological data sets obtained from

basement samples, i.e. zircon and apatite (U-Th)/He ages, apatite fission-track data, as well as

K-Ar data of fault gouges. Since the Sierras Pampeanas extend over a huge area, approximately

350,000 km2, and various samples were necessary to develop representative evolutionary models,

the different methods as well as the related results and interpretations are presented in two

individual PhD theses, which are different from each other. The work from Frithjof A. Bense

mainly deals with K-Ar dating of fault gouges and determination of zircon (U-Th)/He ages,

whereas the emphasis of this thesis is the fission-track and (U-Th)/He dating of apatite. Even

though both works have methodically different foci, it cannot be avoided that they also bear

resemblance to each other since i) the results of all thermochronometers are necessary to

develop reliable evolutionary models, as mentioned above, and ii) manuscripts prepared for

publication have been integrated into both PhD theses. These manuscripts mainly compose the

Chapters 3, 4, 5, and 6.

Two areas were investigated within the Estern Sierras Pampeanas (Ch. 3), i.e. the Sierra de

Comechingones and the Sierra de San Luis. The related results and interpretations have been

published as

Stefan Löbens, Frithjof A. Bense, Klaus Wemmer, István Dunkl, Carlos H. Costa, Paul

Layer, Siegfried Siegesmund (2011). Exhumation and uplift of the Sierras Pampeanas:

preliminary implications from K-Ar fault gouge dating and low-T thermochronology in the

Sierra de Comechingones (Argentina). International Journal of Earth Sciences 100(2-3):

671-694.

and have been submitted to the International Journal of Earth Science as

Frithjof A. Bense, Stefan Löbens, István Dunkl, Klaus Wemmer, Carlos H. Costa, Siegfried

Siegesmund. Exhumation history and landscape evolution of the southeastern Sierras

Pampeanas, Argentina - a low-temperature multichronometer approach.

for the Sierra de Comechingones and the Sierra de San Luis, respectively. Concerning the

Western Sierras Pampeanas (Ch. 4) and the northern Pampean ranges (Ch. 5), findings have

been submitted to the Journal of South American Earth Sciences as

Stefan Löbens, Frithjof A. Bense, István Dunkl, Klaus Wemmer, Siegfried Siegesmund.

Thermochronological constraints of the exhumation and uplift of the Sierra de Pie de Palo.

and to Tectonics as

Stefan Löbens, Edward R. Sobel, Frithjof A. Bense, Klaus Wemmer, István Dunkl, Siegfried
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Siegesmund. Refined exhumation history of the Northern Sierras Pampeanas, Argentina.

The synthesis (Ch. 6), which combines the results and interpretations of the previous chapters

(Chs. 3, 4, 5) with additional thermochronological data, is composed of a manuscript being in

preparation for submission as

Frithjof A. Bense, Stefan Löbens, István Dunkl, Klaus Wemmer, Siegfried Siegesmund. Is

the exhumation of the Sierras Pampeanas just related to Neogene flat-slab subduction?

Implications from a multi-thermochronological approach.

However, beside explaining in which way two PhD theses, dealing with thermochronological

data of samples from the same region, are different from each other, I would like to use this

opportunity to thank the German Research Council (DFG) and some people. Without their

support in different ways, this PhD thesis would not have been possible.

First of all, I thank the DFG for financial support during my time as a PhD student.

A special thanks goes to Siegfried Siegesmund for taking over the main supervision of my work

and allowing a certain freedom to conduct work in my way. Further, I am grateful for continuously

motivating me during my time as a PhD student.

I particularly thank my co-supervisor Edward Sobel for critical and inspiring discussions, especially

concerning the northern Pampean ranges. Furthermore, I thank him guiding me to more complex

insights of scientifically interpreting thermochronological data.

This thesis is based upon the help of several colleagues from the Geoscience Centre of Göttingen: I

thank Frithjof Bense for two adventurous field trips to Argentina and several inspiring discussions.

Especially Klaus Wemmer is thanked for critical discussions in many ways, his help in evaluating

K-Ar data and his manifold support during my time as a PhD student. A special thanks goes

to István Dunkl for instructing me the apatite fission-track and (U-Th)/He methods as well as

discussing the obtained data. I acknowledge Nicole Nolte for critical reviewing my thesis and

for many relaxed coffee breaks. Jens Walther is thanked for his efforts to ensure my financial

coverage following the time as a PhD student. I also want to acknowledge Marie-France Hesse

and Brigitte Hinz for their help concerning administrative things.

The field work for my PhD project was only possible with the help of several friends and colleagues

from Argentina: I acknowledge Mónica López de Luchi and Carmen Martinez for alleviating the

stay in Buenos Aires. Additionally, I am grateful that Monica managed the transport of our

samples to Germany. Thanks goes to Carlos Costa and Emilio Ahumada for help in different

ways during the stay in San Luis. Further, I specially thank Carlos for critical discussions

concerning new thermochronological data in context of the structural evolution of the Sierra de

Comechingones and the Sierra de San Luis. Juan Antonio Palavecino is thanked for the nice trip

to the top of the Sierra de Pie de Palo (We did Ampacama!) and the stay in San Juan.
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Special thanks goes to my friends in Göttingen, without whom the last years would not have

been the same. I thank them for nice evenings and nights enjoying social life.

I am very grateful for the support I received from my parents and my brother Henrik. I especially

thank them for encouraging me and for the understanding, when I only had little time for them

during busy weeks and months. I also thank my parents-in-law for their support in different
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Chapter 1

General introduction

Investigating the thermal evolution of the Earth’s upper crust, i.e. quantitative and qualitative

determination of cooling and (re-)heating events, is often best accomplished using low temperature

chronometers (e.g. Jordan et al. 1989; Farley et al. 1996; Gallagher et al. 1998; Stockli et al. 2000;

Reiners & Brandon 2006). Such chronometers present apatite fission-track and apatite (U-Th)/He

dating systems, showing effective closure temperatures of around 110 ◦C and 65 ◦C, resepectively

(Laslett et al. 1987; Wolf et al. 1998; Ketcham et al. 1999; Farley 2000). Further, the obtained

data of these methodologies can be modelled applying statistically based simulation approaches,

e.g. Monte Carlo simulation (e.g. Farley et al. 1996; Ketcham et al. 1999; Meesters & Dunai

2002a; Ketcham 2005), generating integrated cooling paths from ∼110 ◦C to surface temperature,

thus revealing probable exhumation and uplift histories. Furthermore, a combination of these

methods with higher temperature chronometers, i.e. U-Pb, Ar-Ar, K-Ar, zircon fission-track,

and (U-Th)/He of zircon, allow determination of long-term thermal events, commonly from

crystallisation up to exposure to the surface (e.g. Reiners & Brandon 2006).

Exhumation and uplift processes in compressional environments strongly depend on tectonic

deformation and the effect of erosion (England & Molnar 1990). The latter and the related

amount of eroded material as well as erosion rate, in turn, are controlled by rock uplift (e.g.

Whittaker & Boulton 2012), lithology (e.g. Stock & Montgomery 1999), climate and, spatially as

well as temporally dependant climatic changes (e.g. Beaumont et al. 1992; Willett 1999). Since

the Sierras Pampeanas in central and northwestern Argentina (Fig. 1.1) present a region of

∼N-S trending basement ranges with elevations of up 5,500 m divided by intermountain basins

(Fig. 1.2; e.g. González Bonorino 1950; Caminos 1979; Jordan & Allmendinger 1986; Ramos

et al. 2002), this area is an ideal setting to qualitatively as well as quantitatively investigate the

tectonically and erosionally controlled exhumation and uplift history of mountain ranges as well

as the landscape evolution.

The geodynamic evolution of this thick-skinned tectonic province (Fig. 1.2), representing an

analogue to the Laramide province in the western United States (e.g. Jordan & Allmendinger

1



1CHAPTER 1. GENERAL INTRODUCTION

Figure 1.1: Topographic
map of the South Amer-
ican continent based on
ETOPO1 (Global Gridded
Relief Model). The yellow
rectangle defines the area
of the Sierras Pampeanas
in central and northwestern
Argentina.

1986), is characterised by the accretion of various allochthonous and parautochthonous terranes at

the soutwestern proto-margin of Gondwana during different orogenies of the Brasiliano orogenic

cycle in Late Proterozoic to Early Paleozoic times (Fig. 1.2; e.g. Caminos 1979; Ramos 1988;

Pankhurst & Rapela 1998; Rapela et al. 1998; Ramos et al. 2002; Steenken et al. 2004; Miller

& Söllner 2005). During the Mesozoic, i.e. during the Late Triassic-Early Jurassic and the

Early Cretaceous, the area of the Sierras Pampeanas was affected by extension (e.g. Uliana

& Biddle 1988; Uliana et al. 1989; Ramos et al. 1991, 2002). Extensional deformation during

the latter time period is presumably related to the Atlantic rifting, thus presumably rather

affected the Eastern Sierras Pampeanas than the western part (e.g. Uliana et al. 1989; Rossello &

Mozetic 1999; Schmidt et al. 1995; Ramos & Vujovich 2000). Extensional deformation was mainly

accomodated by reactivated Paleozoic sutures developing intracontinental basins, commonly

with a half-graben geometries, e.g. the Tucumán Basin (e.g. Salfity & Marquillas 1981; Schmidt

2



1CHAPTER 1. GENERAL INTRODUCTION

et al. 1995; Iaffa et al. 2011). These extensional fault systems were inverted during the Andean

deformation, which is related to the subduction of the Nazca Plate beneath the South American

Plate in the Cenozoic (e.g. Jordan & Allmendinger 1986; Benjamin et al. 1987; Noble et al. 1990).

Incorporation of the Juan Fernández Ridge into the subduction during the Miocene resulted

in a transition from normal to flat-slab subduction in the area between 27◦ S and 33◦30’ S (e.g.

Barazangi & Isacks 1976, 1979; Isacks et al. 1982). This flat-slab segment of the subducted

Nazca Plate is indicated by i) a gap of active arc volcanism between 27◦ S and 33◦30’ S (e.g.

Barazangi & Isacks 1976; Jordan et al. 1983), ii) a Neogene eastward propagation of magmatic

activity within the Sierras Pampeanas (e.g. Kay & Gordillo 1994), and iii) the depth of the

Wadati-Benioff zone within this segment (e.g. Barazangi & Isacks 1976). Further, exhumation,

uplift and deformation of the different basement blocks, constituting the Sierras Pampeanas

(Fig. 1.2), during the Miocene-Pliocene is interpreted as being closely related to this flat-slab

subduction (e.g. González Bonorino 1950; Jordan et al. 1983; Yáñez et al. 2001).

Jordan et al. (1989) presented the first low-temperature thermochronological data describing

the evolution of erosion surfaces within the Sierras Pampeanas. Basing on a composite cooling

model, these authors conclude that basement peneplains in the Sierras Pampeanas diachronously

developed since the Late Paleozoic and that at least parts of this area were characterised by a

positive relief during Paleozoic times. But these thermochronological data do not illuminate the

Neogene uplift of the Pampean ranges (Jordan et al. 1989).

More recent studies concerning the thermal evolution of mountain ranges within the Pampean

ranges are rather focused on the northern and northwestern regions (e.g. Coughlin et al. 1998;

Sobel & Strecker 2003; Coutand et al. 2001; Carrapa et al. 2005; Mortimer et al. 2007). Although

these authors partly present computer-based modelled time-temperature paths, these models

are mostly limited to just one thermochronometer, mainly apatite fission-track data. Integrated

thermal models basing on three or more thermochronological methods are still scarce or even

absent for individual regions of the Pampean ranges as well as for the whole area of the Sierras

Pampeanas.

Therefore, the general aim of this thesis and the thesis of Bense (in prep) is the reconstruction

of the lower crustal thermal evolution of the Eastern Sierras Pampeanas (Ch. 3), the Western

Sierras Pampeanas (Ch. 4), the northern part of the Pampean ranges (Ch. 5), and in summary

of the whole Sierras Pampeanas (Ch. 6) using integrated time-temperature modelling based on

combination of several thermochronometers, i.e. K-Ar fault gouge dating, apatite fission-track,

as well as (U-Th)/He dating of zircon and apatite. Thereby, Bense (in prep) deals with K-Ar

fault gouge dating and the zircon (U-Th)/He method and this work focuses on fission-track and

(U-Th)/He thermochronology of apatite. So, in more detail, the research topics addressed in this

thesis are as follows:

• low temperature thermochronology, i.e. fission-track and (U-Th)/He dating of apatite, and

its contribution to the time dependant evolution of basement ranges;

3



1CHAPTER 1. GENERAL INTRODUCTION

• thermal evolution of the shallow crust;

• influence of climatically and lithologically controlled erosion to amount of sedimentary

deposits in intermountain basins;

• structural and geomorphological landscape evolution of individual regions within the

Pampean ranges as well as of the whole Sierras Pampeanas.

Figure 1.2: SRTM-3 model of the Sierras Pampeanas. The names of the different mountain ranges are shown
by the blue font. The black dashed lines mark the boundaries between the different tectonic provinces (yellow
font; after Hilley & Coutand 2010). Also shown are the inferred boundaries of the different terranes (white dashed
lines), which accreted during different orogenic cycles of the Brasiliano Orogeny in the Late Proterozoic-Early
Paleozoic (after Vujovich & Ramos 1999; Leal et al. 2003; Rapela et al. 2007; Varela et al. 2011).
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11.1. GENERAL GEOMORPHOLOGICAL DEFINITIONS

1.1 General geomorphological definitions

Geomorphology is the science of landforms involving the description of existing landforms and

the investigation of processes generating these forms (e.g. Penck 1894a,b; Ahnert 2009; Huggett

2007). According to Ahnert (2009) two general types of landforms are distinguished, depending

on the processes that shape or modify these forms:

i) structural forms and

ii) sculptured forms.

The former are the result of endogenic processes without being affected by denudation and

comprise mountain ranges, volcanic cones, calderas, and fault scarps (e.g. Twidale 1971; Huggett

2007). Modification of these structural forms through exogenous processes, i.e. denudation

and deposition, results in the evolution of sculptured landforms, e.g. fluvial terraces and

planation surfaces (e.g. Huggett 2007; Ahnert 2009). However, a complete description of all

geomorphological features and their evolution is beyond the scope of this thesis, thus the reader is

referred to Huggett (2007) and Ahnert (2009) for an overview. In this work just planation surfaces,

i.e. peneplains, etchplains, pediplains, and the related evolutionary processes are described in

more detail, because these are the most relevant landforms concerning the geomorphological

evolution of the Sierras Pampeanas.

Peneplains represent the final stage of the cyclic concept of landscape evolution introduced

by Davis (1899), describing different phases of degradation of relief, generated by rapid uplift,

through fluvially controlled denudation. Although application of this concept has to be crucially

regarded at least for Cenozoic times, because phases of tectonic quiescence and without climatic

changes probably were too short to ensure development of landforms in terms of the concept

proposed by Davis (1899) during that period, it could be possible that peneplains developed

in this way during the Mesozoic or Paleozoic (Ahnert 2009). However, an evolved peneplain is

characterised by very low relief and its surface shape is neither influenced by geological structures

nor by lithological changes, hence the surface has a large spatial extension (e.g. Davis 1899;

Ahnert 2009). Further, these planation surfaces commonly comprise isolated rocks representing

remnants of the former relief, which were not affected by denudation and are called ”Inselberge”.

Beside this concept two other processes, amongst others, leading to the evolution of a peneplain

are mentioned in the literature, pediplanation and etchplanation (e.g. Ahnert 2009). According

to Carignano et al. (1999) these are most relevant for the evolution of planation surfaces in

the Sierras Pampeanas (Ch. 1.2), thus are described in more detail in this thesis. For more

information concerning other evolutionary processes the reader is referred to Huggett (2007) and

Ahnert (2009).

The pediplanation bases on the concept developed by King (1953). In this theory lateral

planation results in parallel slope retreat of the mountain range, which in turn leads to formation
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11.1. GENERAL GEOMORPHOLOGICAL DEFINITIONS

of pediments in front of the range (Fig. 1.3). Pediments are commonly characterised by an

angle of around 7◦ or less, whereas the adjacent slope yields ≥20◦. Further, according to Ahnert

(2009) these landforms are common in semiarid-subhumid areas but Stingl et al. (1983) also

noticed them in a more arid region, western Argentina. However, continuous denudation causes

further retreat of the mountain range as well as growth of individual pediments. In the final

stage of pedimentation, these planation surfaces unite to a single coherent surface, the pediplain

(Fig. 1.3), on which isolated relics of the former range (”Inselberge”) are present (e.g. King 1953;

Ahnert 2009). Subsequent denudation further degrades any still existing relief and slope resulting

in the formation of a peneplain showing characteristics mentioned above.

Figure 1.3: Schematic illustra-
tion of a pediplain (modified from
http://www.stonito.com/DE/PEDIPLAIN).
The characteristic angle of a pediment is
≤7◦, whereas the adjacent slope to the
mountain front has a dip of around 20◦.

The etchplanation refers to the concept of planation surfaces developed within tropical regions

proposed by Credner (1931), Wayland (1933), and Büdel (1957). In these regions host-rock is

mainly affected by chemical weathering resulting in regolith, which overlies the solid rock. While

weathering of the latter continues, denudation through surface runoff removes the cover (Fig. 1.4;

e.g. Büdel 1957; Ahnert 2009). A steady state of both processes (denudation rate<maximum

weathering rate) results in an uniform reduction of the surface as well as the of the subjacent

surface of the host-rock (Fig. 1.4b; e.g. Wayland 1933). Further, a relatively increased denudation

rate compared to the maximum weathering rate causes exposing of the solid rock, which in turn is

more resistant to chemical weathering than rocks beneath a regolith (Ahnert 2009). Therefore, if

etchplanation continuous until any relief is removed, the latter will finally become an ”Inselberg”

on a peneplain being represented by the surrounding area, which is still beneath a regolith (e.g.

Wayland 1933; Ahnert 2009). Since this concept was initially referred to crystalline shields and

other ancient massifs in a tropical environment (Thomas 1978) this ”Inselberg” represents a

bornhardt, which can also be found in the Argentine Sierras Pampeanas (Fig. 1.5). However,

in more recent studies (e.g. Linton 1955; Ahnert 2009; Rabassa 2010) it is suggested that this

theory of etchplanation i) should be applied on regions characterised by other rock types, i.e.

volcanic or sedimentary rocks (Rabassa 2010), and ii) is not necessarily restricted to tropical

environments as indicated by tors (a form of an ”Inselberg”) in southwest England (Linton 1955;

Ahnert 2009).
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Figure 1.4: Schematic illustration of
etchplanation according to Büdel (1957).
a) Initial stage of chemical weathering re-
sulting in formation of regolith. b) De-
nudation of the regolith through surface
run off and continuous chemical weather-
ing of the host rock.

Figure 1.5: Photographic picture of a bornhardt from the Sierras Pampeanas (Las Chacras Batholith).

1.2 Geomorphological evolution of the Sierras Pampeanas

The geomorphological evolution of the Sierras Pampeanas is controversially discussed in the

literature since the beginning of the 20th century. Two competing hypotheses are argued

concerning the development of planation surfaces within this region (e.g. Rovereto 1911; Gerth

1914; Rassmuss 1916; Schmieder 1921; Penck 1924; Thornbury 1954; González Dı́az 1981; Jordan

et al. 1989; Carignano et al. 1999; Rabassa et al. 2010). One theory is that large planation

surfaces, which are observed near or at the top of the individual mountain ranges, constituting

the Sierras Pampeanas, formerly represented a single peneplain of Paleozoic to Paleogene age,

which was exhumed during the Andean Orogeny (e.g. Gerth 1914; Schmieder 1921; González
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Dı́az 1981). Contrastingly, based on geomorphological observations and thermochronology data

Carignano et al. (1999) and Jordan et al. (1989), respectively, support the theory proposed by

Penck (1924) that the different erosion surfaces observed within the individual Pampean ranges

evolved independently and in different times. Further, Carignano & Cioccale (2008) argue that

these surfaces are probably exposed since their formation.

However, development of the ancient planation surfaces occurred during the Paleozoic at

least in the Sierra de Olta (La Rioja Province), where Socha et al. (2006) identified a Devonian

erosion surface being interpreted as etchplain by Rabassa et al. (2010). This surface was uplifted

and subsequently the landscape, including the etchplain, was i) eroded by glaciers during the

Carboniferous; and ii) further affected by weathering and denudation resulting in the formation

of younger planation surfaces at relatively lower elevations during the Mesozoic and Cenozoic

(Rabassa et al. 2010).

Based on geomorphological, geometrical, and sedimentological criteria Mesozoic erosion surfaces

have also been described by Carignano et al. (1999) for the Eastern Sierras Pampeanas, i.e. the

Sierra Norte, the Sierras Chicas, and the Sierras Grandes. In the oldest planation surfaces within

the Sierras de Córdoba, identified near or at the summit of the ranges, remnants of weathering

profiles have been preserved, e.g. bornhardts, thus these surfaces are interpreted representing

Jurassic etchplains (Carignano et al. 1999; Rabassa et al. 2010). Generally, at a lower topographic

level in these ranges as well as at the top of the Sierra de San Luis Carignano et al. (1999)

identified a Cretaceous pediplain, which was presumably generated by denudation during Late

Jurassic-Early Cretaceous rifting. Locally, i.e. in the Sierras Grandes and the Sierras Chicas,

there have been observed two pediplains of this age. These are presumably related to different

major faulting events causing a particular erosion cycle during rifting (Rabassa et al. 2010),

potentially suggesting a diachronic evolution (Carignano et al. 1999). A diachronic development

of erosion surfaces in the Sierra de San Luis is also mentioned by Costa (1999), who described a

planation surface overlain by, at least, Cretaceous sediments in the adjacent basins of the range.

Since the latter is presumably of Paleozoic age (Costa 1999; Rabassa et al. 2010), hence older

than the pediplain at the summit, a diachronic evolution could be possible (Rabassa et al. 2010).

However, weathering of the Late Jurassic-Early Cretaceous pediplains resulted in the formation

of a further pediplain identified in these mountain ranges during the Late Cretaceous-Paleocene

(e.g. Carignano et al. 1999; Rabassa et al. 2010). According to these authors the lowest planation

surface evolved during the Early Miocene and indicates long-term climatic stability since thick

and mature calcretes are presently preserved on top.

Overall, there are described up to five individual planation surfaces in the more eastern part

of the Sierras Pampeanas, which are genetically and chronologically different from each other.

This is similar to the Western Sierras Pampeanas, at least to the Sierra de Pie de Palo. In the

latter Suvires (2010) has also identified five erosion surfaces, whereby the paleosurfaces near or

at the summit are interpreted to have been exposed since their formation. Further, based on
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correlations with planation surfaces identified in the more eastern part of the Pampean ranges the

author propose a decreasing age of the surfaces in the Sierra de Pie de Palo with lower elevation.

However, during the Andean Orogeny, particular in the Neogene, the planation surfaces

identified in the Sierras Pampeanas were fragmented, tilted and uplifted (e.g. Carignano et al.

1999; Rabassa et al. 2010). At least in the Eastern Sierras Pampeanas deformation was mainly

accommodated by the inverse reactivated main bounding faults, which are characterised by a

listric geometry and a dominant dip to the east, resulting in the present morphological asymmetry

with a steep western and a gentle eastern slope (e.g. González Bonorino 1950; Gordillo & Lencinas

1979; Allmendinger 1986; Costa & Vita Finzi 1996; Ramos et al. 2002). Finally, since Jurassic

deposits are mostly absent in the area of the Pampean ranges and Cretaceous clastic sediments

and volcanic rocks are spatially restricted to few areas, Jordan et al. (1989) as well as Rabassa

et al. (2010) conclude that landscape of the Sierras Pampeanas was characterised by a positive

relief since the Triassic and locally potentially even since Paleozoic times.
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Chapter 2

Thermochronological methods

In order to investigate the cooling history of the Earth’s upper crust low temperature chronometers,

e.g. apatite fission-track (Ch. 2.1) and apatite (U-Th)/He (Ch. 2.2), represent powerful tools.

Both methods mainly base on the spontaneous nuclear decay of 238U. This decay is subject to two

processes: i) the primary process of α-decay, where a 4He nucleus is emitted and ii) spontaneous

fission generally fragmenting the nucleus into two nuclei (e.g. Friedlander et al. 1981; Donelick

2005). Kinetic energy released during the latter reaction generates movement of these fragments

through the crystal disrupting its structure (e.g. Hodges 2005). Annealing of the resulting traces

is carried out through atomic reorganisation representing a diffusive process which is considered

being analogue to the diffusive loss of daughter isotopes, i.e. 4He for the (U-Th)/He system (e.g.

Hodges 2005). Since diffusion is strongly temperature-dependant and does not occur at a certain

temperature rather than within a temperature interval, no specific closure temperature does

exist for both systems. Therefore, the concepts of the partial annealing zone (PAZ), where tracks

are unstable and according to their retention time partly anneal, and the partial retention zone

(PRZ) were adopted for the fission-track system and the (U-Th)/He system, respectively (e.g.

Haack 1977; Dodson 1979; Brandon et al. 1998; Wolf et al. 1998). For apatite the temperature

interval of the partial annealing zone (PAZA) ranges from around 60 ◦C to 120 ◦C (e.g. Gallagher

et al. 1998; Brandon et al. 1998), with an effective closure temperature of approximately 110 ◦C

(Ketcham et al. 1999) depending on chemical composition and cooling rate (Green & Duddy

1989; Corrigan 1993). Similar to these factors considering the (U-Th)/He system parameters like

grain size, crystal shape, cooling rate, as well as U- and Th-distribution within the crystal affect

4He-diffusion within minerals (Lippolt et al. 1994; Wolf et al. 1996; Warnock et al. 1997; Farley

2000; Meesters & Dunai 2002a,b). In general, the temperature range of the partial retention zone

for apatite (PRZA) is between 40 ◦C and 85 ◦C (Farley 2000). Further, Farley (2000) reports

an effective closure temperature for a crystal of approximately 100-150µm width, showing an

uniform parent isotope distribution as well as considering a cooling rate of 10 ◦C/Ma, of around

67 ◦C, which has also been considered during this study.
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2.1. FISSION-TRACK DATING

Figure 2.1: Exemplary age-elevation relation-
ship of AFT samples from Antarctica, where the
vertical transect approach was applied (modified
from Fitzgerald 2002).

Beside the reconstruction of cooling, thus exhumation, histories conducting thermal modelling

(Ch. 2.3; e.g. Ketcham 2005) the vertical transect approach represents a common alternative

to determine erosion-controlled exhumation in orogens (Fig. 2.1; Ch 3.1; 4; 5; e.g. Wagner &

Reimer 1972). Using this method, a single thermochronometer is applied to samples taken

along an elevation profile representing a former section through the PAZ or PRZ (e.g. Hodges

2005). Therefore, the resulting age-elevation relationship is characterised by an inflection point

indicating a change in erosion rate with time, thus onset of exhumation (e.g. Reiners & Brandon

2006). Although the vertical transect approach is independent of a geothermal gradient some

other assumptions, i.e. i) a flat closure isotherm at the time of closure, ii) a constant depth of the

closure isotherm during time of interest, and iii) unique erosion rates for all concerned samples,

are required to properly interpret the obtained data (e.g. Hodges 2005; Reiners & Brandon 2006).

Finally, this method is described and reviewed in more detail by e.g. Fitzgerald et al. (1995),

Wolf et al. (1998), and Reiners et al. (2000).

2.1 Fission-track dating

During this study apatite fission-track (AFT) ages were obtained using the external detector

method (EDM; Hurford & Green 1983). The external detector is represented by an uranium-free

material, i.e. Good Fellow mica, which is attached to an apatite sample (Fig. 2.2). Subsequently,

both are exposed to a flux of low-energy neutrons (e.g. Hurford et al. 1991; Gallagher et al.

1998; Tagami 2005), which generates fission of 235U leading to the formation of tracks in the

external detector. Counting these tracks and the spontaneous tracks in the apatite grain enables

to calculate the abundance of 238U because the natural ratio of 238U/235U is assumed being

constant (137.88; Steiger & Jäger 1977) as well as to calculate an apparent AFT single grain age

basing on Equation 2.1:

ti =
1

λd
ln

(
1 + λdζgρd

ρs,i
ρi,i

)
(2.1)
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where ti is the apparent age of grain i and λd represents the total decay constant of 238U. ζ

is the calibration factor related to fission-track age standards (Hurford & Green 1983), being

323.2± 25.3 during this study, and g represents a geometry factor necessary for recording

spontaneous fission-tracks, which is described in more detail by Laslett et al. (1984) and Donelick

(2005). ρd is the induced fission-track density of a silicate glass standard (in this study Corning

Glass CN-5 was used) with a known or constant uranium concentration attached at both ends

of the sample stack (Fig. 2.2). By counting the number of induced fission-tracks Nd over a

certain area Ωd on the enclosed detector of each uranium standard the fission-track density can

be determined
(
Nd
Ωd

)
enabling the calculation of the fission-track density for each sample in the

stack by linear interpolation (Hurford & Green 1983; Donelick 2005). ρs,i and ρi,i represent the

fission-track density of the spontaneous tracks in a certain apatite grain and the induced tracks

in the corresponding detector, respectively, which both are also calculated dividing a number of

fission-tracks (Ns,i, Ni,i) by a specific area (Ωi).

Figure 2.2: Schematic sketch of a
sample package exposed to irradiation.
Always two samples with their corre-
sponding mica, the external detector,
represent one sandwich. The whole
package constitutes several sandwiches
(indicated by the black dots). At the
top of the package there are a sandwich
of apatite standards and a glass stan-
dard with its corresponding detector,
whereas there is just a single uranium
bearing glass together with its detector
at the bottom. The black, thick arrows
indicate how the individual samples
are put together.

However, during this study a total of 30 samples were investigated by AFT-dating. The single

grain ages of generally 25 apatite crystals per sample were reduced and expressed as central age

(Galbraith & Laslett 1993) using the software TRACKKEY 4.2.g (Dunkl 2002). According to

Green (1981) the corresponding statistical uncertainties are given as standard error and include

errors from Ns, Ni as well as those of Nd.

A second parameter measured during AFT analysis is the length of confined, horizontal

fission-tracks, which show an initial length of approximately 16µm in nature (e.g. Reiners &

Brandon 2006). Since annealing is a temperature-dependant process (e.g. Gleadow et al. 1986;

Wagner & van den Haute 1992; Gallagher et al. 1998), the frequency distribution of track

lengths in a sample can provide indications of its thermal/cooling history (e.g. Gleadow et al.

1986; Carlson 1990; Donelick 2005; Hodges 2005) representing the greatest advantage of this
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method (e.g. Ketcham 2005). According to Lal et al. (1969) and Donelick (2005) three types of

confined fission-tracks are distinguished: i) TINT (track in track; Fig. 2.3), ii) TINCLE (track

in cleavage), and iii) TINDEF (track in defect or fluid or soluble mineral inclusion). These track

types are characterised by a different annealing behaviour (e.g. Barbarand et al. 2003; Jonckheere

& Wagner 2000). Therefore, generally just TINTs were measured (generally around 50 per

sample) during this study as proposed by Carlson (1990) in order to obtain a length distribution

reflecting the ”real” cooling history of the samples and to avoid inclusion of unreliable data into

the track length distribution. Further, since thermal annealing of these tracks depends on their

orientation to the crystallographic c-axis, i.e. fission-tracks parallel to the c-axis anneal slower

than their correspondents exhibiting a perpendicular orientation (Donelick 1991), also the angle

to the c-axis was measured. These values represent a necessary parameter to reduce scatter from

the track length distribution through applying models from Donelick et al. (1999) or Ketcham

(2003) during subsequent thermal modelling (Ch. 2.3).

Figure 2.3: Schematic sketch of a polished
apatite crystal showing confined tracks (TINT),
which are usually measured (blue) to obtain
a track length distribution (modified from
Tagami 2005). Also shown is the Dpar of a
fission-track.

Beside temperature there are also other factors controlling the annealing behaviour of apatite,

e.g. chemical composition and etching characteristics (e.g. Green et al. 1985; Donelick 1993). For

a reliable interpretation of fission-track data it is necessary to quantify the fission-track annealing

kinetics by a measurable parameter. Such kinetic parameters are the Dpar representing the

mean etch pit diameter parallel to the crystallographic c-axis (Fig. 2.3) or the chlorine content

(Cl-wt %), for example (e.g. Donelick 1993, 2005). During this study the Dpar was measured

(three to ten measurements per apatite grain) in order to obtain the kinetic parameter. Common

values of this parameter range between 1.5µm and ∼5µm (Ketcham 2011). According to Carlson

et al. (1999) and Donelick (2005) Dpar ≤ 1.75µm is associated with apatites characterised by a

rapid annealing, which are typically represented by the end-member fluor-apatite, whereas values

> 1.75µm characterise apatites being more resistant (chlor- and hydroxyl-apatite).

A detailed description of the fission-track analysis including sample preparation, methodical

limitations, and analyst bias is given by Donelick (2005) and references therein.

2.2 (U-Th)/He dating of apatite

The (U-Th)/He dating method bases on the accumulation of α particles (4He) which are mainly

produced by the decay of uranium (238U, 235U) and thorium (232Th) as well as to minor extend
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by samarium (147Sm; e.g. Strutt 1908; Hurley 1954). Since accumulation, hence diffusion, of

radiogenic helium out of a crystal (in this case apatite) is generally related to the Arrhenius

relationship, thus is a temperature-dependant process (e.g. Ketcham 2011), the helium age

of apatite (AHe) can be calculated by determining the concentration of the parent as well as

daughter isotopes (Eq. 2.2; e.g. Harrison 2005):

4Heall = 8
(

137.88
(1+137.88)

)
CU

(
e
λ238t − 1

)
+ 7

(
1

(1+137.88)

)
CU

(
e
λ235t − 1

)
+ 6

(
e
λ232t − 1

)
CTh

(2.2)

where Heall is the total of helium accumulated in the crystal, λ is the relevant decay constant of

the U-isotopes and the Th-isotope, CU,Th represents the concentration of uranium and thorium,

and t is the age.

Measurements of the different concentrations are commonly conducted in a two-stage procedure

(e.g. Reiners & Brandon 2006), where first the sample is degassed by heating through a laser or in

a furnace. The released gases become purified adding a 3He spike and are subsequently analysed

using a quadrupole mass-spectrometer. In the second step the sample is analysed for U-, Th-, and

Sm-concentrations using an inductive-coupled plasma mass spectrometer (ICP-MS). Following

this analytical procedure a whole of 70 samples were analysed during this study (Chs. 3; 4; 5; 6;

generally four aliquots per sample).

However, determining an (U-Th)/He age is mainly complicated by a process related to the

decay of the parent isotopes, the α-recoil (e.g. Harrison 2005). Due to its kinetic energy the

α-particle travels around 20µm through the crystal leading to a loss of radiogenic He if ejection

from the nucleus occurred at the margin of the grain (e.g. Farley et al. 1996; Harrison 2005).

This would result in a younger age relative to the ”real” age. Therefore, the observed age has to

be corrected by estimating the amount of ejected 4He or calculating the fraction of radiogenic

helium retained in the crystal (Farley et al. 1996). The authors provide the Ft-factor, which

is based on size, shape, and zoning pattern of the grain, to divide the observed age by this

factor for age-correction representing the most commonly used approach. One assumption of

this correction approach is the uniform distribution of the parent isotopes within the crystal

which could lead to an erroneous age for zoned minerals (e.g. Farley et al. 1996; Harrison 2005).

But since zoning in apatite is negligible, the Ft-correction is suitable for AHe-dating (e.g. Farley

et al. 1996; Harrison 2005).

2.3 Thermal modelling

The thermochronological data obtained by the methods mentioned above as well as (U-Th)/He

ages of zircon, measured and described in more detail by Bense (in prep), were used to generate
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time-temperature histories for the samples using the modelling software HeFTy 1.7.0 (Ketcham

2005, 2011). HeFTy allows implementing up to five different thermochronometers which are

commonly modelled in a two-step strategy. First a forward model is constructed which predicts

a certain temperature history considering the different systems involved. This prediction is

compared to the measured data basing on different statistical tests, e.g. the Kolmogorov-Smirnov

test (K-S Test) and the Kuiper’s Statistic for the track length distribution of apatite fission-

tracks, which are implemented in the software. If the forward model is verified, subsequent

inverse modelling is applied with a given starting- and end-point (constraints). Based on Monte

Carlo simulation, HeFTy generates a large number of forward models in order to search for

time-temperature paths which fit to the measured data as evaluated by the statistical tests

related to the different thermochronmeters. Further, the inverse modelling can be controlled by

setting appropriate constraints within the expected time-temperature history, e.g. the age of a

known burial to a certain temperature. These constraints are represented by boxes through which

the modelled paths have to pass (Ketcham 2011). Additional and more detailed information

on the model strategy using HeFTy as well as the theoretical background of the software are

described in Ketcham (2005) and Ketcham (2011).

During this study the modelling approach described by Ketcham (2005) was followed. In

the whole 43 samples from the Sierras Pampeanas (Chs. 3; 4; 5; 6) were modelled (32 contain

AFT data, 11 just include (U-Th)/He data). In general the starting constraint was defined by

Ar-Ar ages of muscovite (Ch. 4), or by K-Ar ages of muscovite and biotite obtained during this

study (Ch. 5), or by K-Ar fault gouge data (Ch. 3) determined by Bense (in prep), or by zircon

(U-Th)/He data (Ch. 6), and the end-point by the annual mean surface temperature of 17 ◦C

(Müller 1996). Constraints in-between were set considering the measured apatite fission-track

data as well as the (U-Th)/He data of apatite and zircon (if not used as starting constraint).
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Chapter 3

Eastern Sierras Pampeanas

The Sierras de Córdoba and the Sierra de San Luis are two of the main morphological features

constituting the Eastern Sierras Pampeanas (Fig. 1.2). Since their high-temperature thermal

evolution constrained by K-Ar muscovite and biotite thermochronometers is already discussed in

detail by Steenken et al. (2010), these ranges are well appropriated to investigate the cooling his-

tory of the Eastern Sierras Pampeanas towards near-surface temperatures. Therefore, integrated

thermal modelling results, based on the apatite fission-track as well as the zircon and apatite

(U-Th)/He thermochronomters in combination with K-Ar-fault gouge data, of samples from

elevation profiles within the Sierra de Comechingones (Fig. 3.1a; Ch. 3.1) and the southern part

of the Sierra de San Luis (Fig. 3.1b; Ch. 3.2) are discussed in this Chapter. Beside that these

models reveal new insights of the structural evolution of the Eastern Sierras Pampeanas, they

also suggest a more established evolution of planation surfaces within the southeastern Pampean

ranges, especially in the Sierra de San Luis (Ch. 3.2), supporting a diachronic development of

erosion surfaces (e.g. Costa 1999; Carignano et al. 1999).

Figure 3.1: Pictures of the mountain ranges within the Eastern Sierras Pampeanas. a) Sierra de Comechingones
(Merlo area) and b) Sierra de San Luis.
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3.1. SIERRA DE COMECHINGONES

3.1 Sierra de Comechingones

3.1.1 Introduction

The Sierras Pampeanas in central and north-western Argentina represent an area of N-S trending

mountain ranges showing elevations of up to 5,550 m that are divided by intermountain basins

(Figs. 1.2, 3.2; González Bonorino 1950; Caminos 1979; Jordan & Allmendinger 1986; Ramos

et al. 2002, among others). Mainly consisting of Late Pre-Cambrian to Early Paleozoic basement

rocks, i.e. igneous and metamorphic rocks (e.g. González Bonorino 1950; Caminos 1979; Gordillo

& Lencinas 1979), these mountain ranges comprise twelve main tectonic blocks (Jordan &

Allmendinger 1986), which represent distinct morphotectonic features above the shallowing Nazca

plate within the area of 27◦ S-33◦ S east of the Precordillera (e.g. Jordan et al. 1983; Jordan &

Allmendinger 1986; Ramos et al. 2002, and many others). The uplift and type of deformation

of the Sierras Pampeanas is interpreted to be closely related to the flat-slab subduction of the

Nazca plate beneath the South American plate since the Miocene and after the collision of the

Juan Fernández Ridge (e.g. Jordan et al. 1983; Yáñez et al. 2001; Ramos et al. 2002).

Two main morphotectonic features stand out at most of these faulted blocks: a topographic

asymmetry, with a steep western slope and a gentle eastern slope where preserved remains

of erosion surfaces stand out. Such paleolandsurfaces have traditionally been envisaged as a

continuous and essentially synchronous surface, exhumed and disrupted during the Andean

orogeny (González Dı́az 1981; Criado Roque et al. 1981). However, Jordan et al. (1989) suggested

that these erosion surfaces are diachronic in age at a regional scale. Later, Carignano et al.

(1999) postulated that many paleosurfaces, scarps, and slope breaks result from juxtaposition

of diachronic surfaces (ranging from Late Paleozoic to Paleogene ages), rather than being a

consequence of the Andean tectonism.

Current uncertainties about the ages and evolutionary paths of these currently exposed erosion

surfaces preclude a suitable analysis of core issues regarding the tectonic evolution of the Sierras

Pampeanas (i.e. the structural relief related to the Andean orogeny).

In order to investigate the Neogene uplift and exhumation history (as defined by England &

Molnar 1990) of the Sierras Pampeanas, low temperature thermochronologic dating methods, e.g.

apatite fission-track and (U-Th)/He dating, can provide constraints, because these techniques

are suitable to constrain time, amounts and rate of cooling/erosion associated with mountain

building, crustal deformation, extensional tectonics and landscape evolution (e.g. Gallagher et al.

1998; Farley 2002; Ehlers et al. 2003; Stockli et al. 2000; Fitzgerald et al. 2006). To contribute

to the knowledge of the exhumation history of the Sierras Pampeanas as well as an attempt to

clarify its relationship to the Andean flat-slab subduction, we followed three different approaches

investigating two different elevation profiles in the Sierra de Comechingones. We performed (a)

K-Ar dating on illite fine fractions from brittle fault gouges to examine the brittle deformation
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history, (b) apatite fission-track analysis and (U-Th)/He measurements of zircon and apatite to

reconstruct the exhumation and uplift history of the Sierra de Comechingones and to extend

the postmetamorphic cooling path of basement (Steenken et al. 2010) to the low-temperature

thermal history, as well as (c) Ar-Ar dating on volcanic rocks to evaluate the youngest flat-slab

subduction-related magmatism possibly indicating the eastward migration of the deformation

into the foreland (e.g. Ramos et al. 2002).

Figure 3.2:
Schematic overview
of the Sierras Pam-
peanas with the
main thrusts (mod-
ified after Ramos
et al. 2002). The
mountain ranges
are shown in grey
and intermountain
basins are white
but not named.
For reference, a
schematic map
of Argentina is
shown in the upper
left, where the red
frame marks the
area of the Sierras
Pampeanas. The
red stars indicate
the sample loca-
tions (La Carolina
volcanic field in the
west and Sierra del
Morro in the east)
of volcanic rocks
taken for Ar-Ar
analysis.
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3.1.2 Geologic setting and geodynamic evolution

The basement complex of the Sierras Pampeanas was developed by accretion of different al-

lochthonous and parautochthonous terranes during the Late Proterozoic and the Early Paleozoic

(e.g. Ramos 1988; Ramos et al. 2002; Steenken et al. 2004; Miller & Söllner 2005; Ramos &

Folguera 2009). Potential sutures indicating the margins of adjacent terranes, e.g. Rı́o del la

Plata Craton, Pampia, and Cuyania, are illustrated by Ramos et al. (2000, 2002).

During the Late Triassic-Early Jurassic and the Early Cretaceous the basement was affected

by extensional deformation (e.g. Uliana et al. 1989; Ramos et al. 2002), whereby the latter

period was related to the opening of the South Atlantic Ocean at these latitudes (Uliana et al.

1989; Rossello & Mozetic 1999). According to Ramos et al. (2002), master faults related to the

rift events were generated by reactivating the sutures between the different cratonic terranes.

Continental basins, usually with a half-graben geometry, were developed all over this region,

recording mostly the Early Cretaceous stages of rifting (Schmidt et al. 1995).

The extensional fault systems were inverted during the Andean compression caused by subduc-

tion of the Nazca Plate beneath the South American plate in the Cenozoic, thus controlling the

inception and uplift of the basement blocks forming the Sierras Pampeanas. Accordingly, these

basement uplifts have been recognised as a broken foreland of the Andean orogeny (Jordan &

Allmendinger 1986) and regarded to be part of the Andean building (Regnier et al. 1992; Costa

et al. 2006). The geometry of these reverse faults and thrusts is controlled by basement structures

generally resulting in a listric shape and a dominant dip to the east, which is expressed by the

referred morphologic asymmetry of the basement blocks (Fig. 3.3, e.g. González Bonorino 1950;

Gordillo & Lencinas 1979; Criado Roque et al. 1981; González Dı́az 1981; Jordan & Allmendinger

1986; Introcaso et al. 1987; Massabie 1987; Costa & Vita Finzi 1996; Ramos et al. 2002).

Within Miocene times (18-11 Ma), the Juan Fernández Ridge is incorporated into the subduction

(Fig. 3.4, e.g. Yáñez et al. 2001; Ramos et al. 2002) resulting in a shallowing of the Nazca Plate

subduction angle (Barazangi & Isacks 1976; Pilger 1981; Jordan & Allmendinger 1986). This

flat-slab subduction (Fig. 3.5) is set to be indicated by (a) the depth of the Wadati-Benioff zone,

(b) a gap of active arc volcanism between 27◦ S and 33◦ S, (c) the uplift and deformation of

Sierras Pampeanas starting at the Late Miocene-Pliocene transition, and (d) the timing and

location of magmatic activity within the area of the Sierras Pampeanas broken foreland (e.g.

Barazangi & Isacks 1976; Pardo Casas & Molnar 1987; Smalley & Isacks 1987, 1990; Cahill &

Isacks 1992; Ramos et al. 2002, and references therein).

During the Upper Miocene and the Pliocene the outcropping area of magmatic and hydrother-

mal activity was shifted eastward to the eastern part of the Sierras Pampeanas (Kay et al. 1991).

Here, volcanic buildings crop out along a WNW trending belt between the volcanic field of La

Carolina (Fig. 3.6) in the west and the Sierra del Morro in the east, standing out from the

erosion surfaces smooth landscape. Theses rocks comprise andesites, dacites, latites, trachytes
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and hydrothermal altered rocks showing decreasing ages from 11.2 to 6.3 Ma in the west to

1.9 Ma in the east (Llamb́ıas & Brogiono 1981; Sruoga et al. 1996; Urbina et al. 1997; Urbina

2005; Ramos et al. 1991, 2002; Urbina & Sruoga 2008, 2009, and this study). Further, these

volcanic rocks show a typical subduction signature (Kay et al. 1991; Kay & Gordillo 1994), thus

marking the easternmost and youngest magmatic manifestation associated with the shallowing

of the Nazca plate in the Andean flat-slab segment located 650-750 km east of the Peru-Chile

trench (e.g. Ramos et al. 1991, 2002).

Figure 3.3: Photographs showing the two extremities of relief within the Sierras Pampeanas. a) The gentle
inclined, low relief slope on the eastern side of the Sierra de San Luis near the village of El Trapiche (view to the
east). b) The steep inclined, high relief slope on the western side of the Sierra de Comechingones near the village
of Merlo (view to the north). The schematic sketch in the lower right indicates the asymmetric relief.

Figure 3.4: Evolutional stages of the Andean system, including the Sierras Pampeanas, related to the shallowing
Nazca plate during the Cenozoic (modified from Ramos et al. 2002). a) Subduction prior to the collision of the
Juan Fernández Ridge. b) Last stage of arc-related magmatism within the Sierra del Morro prior to the present
setting.
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Figure 3.5: Schematic sketch of the shallowing Nazca Plate (modified from Kerrich et al. 2000; Urbina 2005).
The ages for Cerro Tomolasta and El Morro are from this publication. The ages for the Farallón Negro Volcanic
District represent K-Ar data from Ramos et al. (1991).

Figure 3.6: Photograph showing the Late Miocene volcanic body of the Cerro Tomolasta in the La Carolina
area (view from the Pampa de la Invernada towards the east). The volcanic edifices build up hills dominating the
landscape on the otherwise flat eastern hillslope of the Sierra de San Luis.

The uplift of the south-eastern Sierras Pampeanas, e.g. Sierra de San Luis, Comechingones,

and El Morro, as well as the termination of the magmatism within the Sierra del Morro in the

Late Pleistocene have been interpreted as the last stage of the Andean uplift (Costa 1992; Ramos

et al. 2002). Subduction-related shortening and deformation in the Sierras Pampeanas during

the Quaternary is mainly accommodated by the ranges bounding reverse faults mostly located

at the western footslope of the sierras (Massabie 1976, 1987; Costa 1987, 1992; Costa & Vita

Finzi 1996; Costa 1999; Kramer et al. 1995; Costa & Vita Finzi 1996; Costa et al. 2001b, 2006).

3.1.3 Applied methods

Mineralogy and K-Ar dating of fault gouges

In brittle near-surface faults, rocks are broken and crushed by tectonic movements. In these

localised zones, the increased surface creates a high chemical reactivity, allowing retrograde
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processes to produce fault gouges composed of authigenic hydrosilicates such as illite. Thus,

formation time of the authigenic illite in a fault gouge can be correlated with periods of motion

along the fault (e.g. Lyons & Snellenburg 1971; Kralik et al. 1987).

The illite crystallinity (IC) and polytypism are important indices for determining the grade of

thermal evolution and very low-grade metamorphism grades. The IC values, which are inversely

proportional to the illite crystallinity, are defined after Kübler (1964) as half-height width of

the 10 Å XRD peak. The values for the illite crystallinity may range from 0.06 ∆◦2θ for ideally

ordered muscovite up to 1 ∆◦2θ for illite/smectite mixed layers (Kübler 1964, 1967, 1968).

Kübler (1967) used boundary values of 0.42 ∆◦2θ and 0.25 ∆◦2θ to divide the zones of the

very low-grade metamorphism into, from lower to higher grade, diagenetic zone (IC> 0.42 ∆◦2θ),

anchizone (0.42 ∆◦2θ < IC> 0.25 ∆◦2θ) and epizone (IC< 0.25 ∆◦2θ), in which the corresponding

temperatures for the two boundaries are around 150 ◦C and 300 ◦C, respectively.

Thus, the IC values of authigenic fault gouge illite can be used to estimate the temperature

experienced by the fault gouge sample. This information helps to interpret the dating results

concerning the thermal evolution.

Polytypism (Bailey et al. 1977; Guinier et al. 1984) is a common phenomenon for layered

silicate minerals such as mica, chlorite and kaolinite. For illite, the most common polytypes are

the 1Md, 1M and 2M1 (e.g. Reynolds & Thomson 1993). With raising temperature, illite shows

irreversible polytype transformation of 1Md → 1M → 2M1 (Hunziker et al. 1986). Generally,

illite has 1Md and 1M polytypes in a diagenetic zone, a mixture of 1M and 2M1 polytypes in the

anchizone and sole 2M1 polytypes in the epizone (e.g. Bailey 1966; Srodon & Eberl 1984).

We measured a total of six fault gouge samples taken from the Merlo profile (Fig. 3.7). Details

on the analytical procedure are given in Chapter 2 and the Appendix (Ch. A).

Apatite fission-track and (U-Th)/He thermochronology

The combination of apatite fission-track dating (AFT) as well as (U-Th)/He dating on zircon

(ZHe) and apatite (AHe) allows the reconstruction of low-temperature exhumation history (e.g.

Hurley 1954; Armstrong 1966; Wagner & van den Haute 1992; Farley et al. 1996; Wolf et al.

1996). The thermal sensitivity of the apatite fission-track method referred to as partial annealing

zone (PAZA, Gleadow & Fitzgerald 1987) ranges between 130 and 70 ◦C (e.g. Donelick et al.

1999; Ketcham et al. 1999). Regarding the (U-Th)/He method this interval is called partial

retention zone (PRZZ/A; e.g. Baldwin & Lister 1998; Wolf et al. 1998). The temperature of the

PRZ for the (U-Th)/He system ranges from around 65 ◦C to approximately 30 ◦C for apatite

and from about 185 ◦C to 135 ◦C for zircon (e.g. Reiners & Brandon 2006).

A total of eight samples was collected from the Yacanto profile (Fig. 3.7). Three of them were
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dated by the AFT and ZHe method. AHe ages were obtained from all samples. Details on the

analytical procedure are given in Chapter 2 and the Appendix (Ch. A).

Figure 3.7: Overview of the working area. (a) Schematic geological map of the Sierra de Comechingones (modified
from Steenken et al. 2010). The coordinates are given in longitude and latitude. The blue frames mark both
sampled profiles (referred to as Merlo and Yacanto profile in the text). For reference, a schematic map of Argentina,
including the Sierras Pampeanas, is shown in the lower right. (b) Digital elevation model of the working area. The
coordinates are given in UTM coordinates. The white frames define the sampled profiles.

Ar-Ar dating of volcanic rocks

Ar-Ar ages in volcanic rocks can be interpreted as the age of effusion as closing temperatures for

different mineral species are negligible due to rapid cooling (e.g. McDougall & Harrison 1999).

In this study Ar-Ar dating was performed following standard methods quoted elsewhere (e.g.

Layer et al. 1987).

Hornblende and whole rock samples of three trachyandesites from discrete exposures have

been dated (Fig. 3.2). Details on the analytical procedure are given in the Appendix (Ch. A).
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3.1.4 Results

K-Ar dating

Eighteen K-Ar ages from fractions of six samples were obtained from the Merlo profile (Fig. 3.7)

in this study (Table 3.1; Fig. 3.8). The ages range from Early Mississippian to Early/Middle

Jurassic (342-174 Ma).

All samples show an age gap between fractions, ranging from 1.5 Ma up to 53.3 Ma (Fig. 3.9).

Only the two smallest fractions of sample APG 82-09 show overlapping ages within error.

Radiogenic 40Ar content ranges from 81.0 % to 99.7 % indicating reliable analytical conditions

for all analyses. Potassium contents range from 1.03 % (APG 82-09, < 0.2µm) to 5.88 % (APG

85-09, 2-6µm).

Table 3.1: K-Ar ages, illite crystallinity and illite polytypism of the investigated mineral fractions.

Sample
No.

Grain size
fraction

K-Ar data Illite crystallinity Illite
polytypism

K2O
[wt%]

40Ara

[nl/g] STP

40Ara

[%]
Age
[Ma]

±2σ-error
[Ma]

Air dry
[∆◦2θ]

Glycolated
[∆◦2θ]

APG < 0.2 µm 1.03 8.68 89.80 244.0 6.1 0.281c 0.244d 1Md > 2M1 > 1M
82-09 < 2 µm 1.69 14.04 84.69 240.9 6.3 0.282c 0.275c 1Md > 2M1 > 1M

2-6 µm 4.90 43.71 91.79 257.3 5.6 0.180d 0.211d 2M1 ≥ 1Md > 1M
APG < 0.2 µm 2.33 18.84 89.63 234.8 5.0 0.491b 0.373c 1Md > 2M1 > 1M
85-09 < 2 µm 3.32 30.62 95.52 265.5 5.7 0.296c 0.272c 1Md > 2M1 > 1M

2-6 µm 5.88 57.14 94.81 278.6 5.9 0.161d 0.164d 2M1 > 1Md > 1M
APG < 0.2 µm 1.44 8.68 87.39 177.9 4.5 0.428b 0.377c 1Md > 2M1 > 1M
89-09 < 2 µm 2.58 19.73 96.69 222.7 7.0 0.273c 0.234d 1Md > 2M1 > 1M

2-6 µm 5.37 48.27 98.17 259.2 5.5 0.163d 0.155d 2M1 > 1Md > 1M
APG < 0.2 µm 1.62 9.54 81.01 174.0 4.9 0.530b 0.332c 1Md > 2M1 > 1M
90-09 < 2 µm 2.33 17.41 91.56 218.0 6.1 0.400c 0.313c 1Md > 2M1 > 1M

2-6 µm 3.61 33.65 97.03 268.1 5.7 0.171d 0.173d 2M1 > 1Md > 1M
APG < 0.2 µm 2.11 17.05 93.43 234.6 6.7 0.390c 0.358c 1Md > 2M1 > 1M
91-09 < 2 µm 3.39 35.67 97.11 299.9 6.4 0.272c 0.266c 2M1 > 1Md > 1M

2-6 µm 4.17 48.81 98.55 330.7 7.1 0.187d 0.179d 2M1 � 1Md > 1M
APG < 0.2 µm 2.21 18.62 95.07 244.0 5.7 0.441b 0.331c 1Md > 2M1 > 1M
92-09 < 2 µm 3.57 38.97 98.65 310.2 7.2 0.260c 0.247d 2M1 > 1Md > 1M

2-6 µm 3.81 46.21 98.44 341.6 7.9 0.168d 0.170d 2M1 � 1Md > 1M

Notes: STP standard pressure and temperature conditions, > more, � much more, a radiogenic, b diagenetic, c anchizonal,
d epizonal

XRD analyses of all samples confirm that illite, chlorite and kaolinite are the major clay

mineral components in the various fractions, with minor traces of quartz in almost all sample

fractions. Minor traces of potassium-feldspar might be present in the 2-6µm fractions but

none is found in the < 0.2µm and < 2µm fractions. Glycolated XRD analyses were carried

out to investigate the potential occurrence of expandable mixed layers of illite and smectite.

Major amounts of illite/smectite were found in the < 0.2µm fraction and minor amounts also

in the < 2µm fractions. No illite/smectite mixed layers were observed in the 2-6µm fractions

(Table 3.2).

The illite crystallinity (IC) of all analysed samples varies from 0.155 ∆◦2θ to 0.530 ∆◦2θ

(Table 3.1). The IC values from the air-dried < 0.2µm fractions indicate that all but one
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developed under diagenetic conditions, whereas the fractions of < 2µm and 2-6µm yield anchi-

to epimetamorphic values. Variations in the ∆◦2θ between the glycolated and the air-dry

measurements correspond to the presence of illite/smectite mixed layers (Table 3.2). No systematic

variation with respect to the sample location is observed.

Figure 3.8: Pictures of a brittle fault zone with a broad cataclastic zone and an approximately 8 cm wide fault
gouge (sample APG 90-09) on the western slope of the Sierra de Comechingones, east of the village of Merlo (car
in top right picture for scale, in lower picture blue compass on right side for scale).

Figure 3.9: K-Ar ages
with error bars (2σ) of
all analysed grainsize frac-
tions and samples.

The analysed illite fractions are composed mainly of the 1Md and 2M1 polytypes and only

subordinate 1 M illite. The 1Md polytype is dominant in the < 0.2µm fractions throughout all

analysed samples. In the < 2µm fraction, the 1Md is also the dominant polytype, except samples
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APG 91-09 and APG 92-09 showing the 2M1 polytype as dominant. The 2-6µm fractions are

mostly made up by 2M1 illite. The content of different polytypes correlates with obtained IC

values (Table 3.2).

Table 3.2: Results of X-ray diffraction analyses from the sample material fractions.

Sample No. Grain size fraction Mineralogy

Illite Chlorite Kaolinite Smectite Quartz K-feldspar

APG 82-09 < 0.2 µm + + ◦/- - o -
< 2 µm + + o/- + - -
2-6 µm + + o/- o - -

APG 85-09 < 0.2 µm + - + + o -
< 2 µm + o + o o -
2-6 µm + - o - + o/-

APG 89-09 < 0.2 µm o + o ++ - -
< 2 µm + + + o o -
2-6 µm + + + - o o/-

APG 90-09 < 0.2 µm + - + + - -
< 2 µm + o + o o -
2-6 µm o o + - + o/-

APG 91-09 < 0.2 µm + + - + - -
< 2 µm + + + o o -
2-6 µm + + + - + o/-

APG 92-09 < 0.2 µm o + o + - -
< 2 µm + + o/- o - -
2-6 µm + ++ o - + o/-

Notes: ++ = dominant, + = abundant, o = less abundant, o/- = unclear, possibly traces, - none

Zircon (U-Th)/He ages

The zircon samples yield (U-Th)/He ages between 276.8± 6.4 Ma (Early Triassic) and 141.5± 3.4 Ma

(Early Cretaceous) showing a positive correlation with elevation (Table 3.3; Fig. 3.10). The

weighted means of the four samples vary from 263.6 Ma to 198.9 Ma (Table 3.3).

Apatite fission-track ages

The three analysed samples show apparent apatite fission-track ages that range between the

Early Jurassic and the Early Cretaceous (Table 3.4). Although less constrained than in the

(U-Th)/He ages, which is due to less analysed samples, a distinct positive correlation of age

with increasing altitude is obvious between the samples APM 14-08 and APM 09-08 along the

investigated elevation profile (Fig. 3.10). The apparent age of the topographic lower sample

APM 14-08 is 143.7± 13.6 Ma, whereas APM 09-08 (on the top of the range) shows an age of

169.7± 14.4 Ma. However, an exception of this trend depicts APM 15-08. This sample is located

at 831 m a.s.l. and has an apparent age of 196.1± 17.8 Ma (Table 3.4).

Regarding the fission-track length, all three samples are characterised by distinct shortened

tracks. The mean track length varies between 12.1µm and 12.5µm with s.d. of ± 1.3-1.8µm

(Table 3.4). Further, the track length distribution of APM 15-08 and APM 14-08 is unimodal

distributed (Fig. 3.10). In contrast, APM 09-08 is characterised by a bimodal track length
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distribution (Fig. 3.10). The mean Dpar values (etch pit diameter) for the three samples range

between 1.64µm and 1.75µm (Table 3.4).

Table 3.3: Zircon and apatite (U-Th)/He data.

He 238U 232Th Sm

Sample
(rocktype)

ali.
vol.
[ncc]

1σ
[%]

mass
[ng]

1σ
[%]

mass
[ng]

1σ
[%]

mass
[ng]

1σ
[%]

Ft
Unc.
[Ma]

Corr.
[Ma]

2σ
[Ma]

Mean
±2σ [Ma]

zircon
APM 09-08
(migmatite)

z1 85.368 1.6 3.186 1.8 0.533 2.4 0.070 8 0.8 209.6 262.6 6.2
z2 64.745 1.6 2.601 1.8 0.206 2.4 0.030 7 0.79 198.9 250.2 5.9
z3 135.567 1.6 4.397 1.8 1.262 2.4 0.077 10 0.85 234.3 276.8 6.4 263.6 6.2

APM 11-08
(granite)

z1 44.875 1.6 2.118 1.8 0.396 2.4 0.056 6 0.74 165.7 224.9 5.3
z2 35.791 1.6 1.494 1.8 0.133 2.5 0.010 6 0.75 191.1 255.7 6.1
z3 42.684 1.6 1.581 1.8 0.350 2.4 0.019 6 0.76 208.7 275.2 6.4 253.6 5.9

APM 12-08
(migmatite)

z1 23.449 1.6 1.056 1.8 0.081 2.5 0.004 7 0.73 177.9 242.9 5.8
z2 12.829 1.6 0.606 1.8 0.085 2.5 0.005 7 0.73 167.2 228.4 5.4
z3 12.208 1.6 0.584 1.8 0.093 2.5 0.006 7 0.74 164.5 223.8 5.3 232 5.5

APM 15-08
(granite)

z1 171.524 1.6 12.877 1.8 0.649 2.4 0.140 30 0.76 108.0 141.5 3.4
z2 81.171 1.6 4.470 1.8 1.480 2.4 0.890 30 0.76 137.7 181.2 4.2
z3 136.096 1.6 5.345 1.8 0.917 2.4 0.909 28 0.81 199.1 245.2 5.8 198.9 4.5

apatite
APM 09-08
(migmatite)

a1 1.876 1.7 0.119 1.9 0.006 5.7 0.880 5 0.83 120.1 145.2 3.5
a2 3.060 1.7 0.242 1.8 0.009 4.6 1.787 5 0.91 97.1 106.8 2.5
a3 0.507 1.9 0.051 2.2 0.001 17.6 0.397 5 0.83 76.7 92.6 2.5
a4 1.625 1.7 0.118 1.9 0.002 12.3 0.726 5 0.86 107.0 124.3 3.1 120.0 2.9

APM 10-08
(migmatite)

a1 0.859 1.8 0.073 2.0 0.004 7.2 1.074 6 0.85 85.8 100.9 2.5
a2 0.925 1.8 0.090 1.9 0.004 7.1 0.886 6 0.89 77.8 87.9 2.2 94.9 2.4

APM 11-08
(granite)

a1 0.115 2.3 0.017 4.6 0.000 638.9 0.223 5 0.75 50.3 67.0 3.1
a2 0.119 2.5 0.014 5.0 0.004 7.1 0.119 5 0.74 62.5 84.4 4.1 76.9 3.6

APM 12-08
(migmatite)

a1 0.133 2.4 0.021 3.0 0.009 4.5 0.607 6 0.86 39.0 45.2 1.5
a2 0.885 1.8 0.083 1.9 0.004 4.2 1.969 15 0.79 80.1 101.6 2.7
a3 1.085 1.7 0.151 1.8 0.004 4.3 1.160 16 0.8 53.3 66.7 1.9
a4 0.731 1.8 0.091 1.9 0.005 3.9 1.209 16 0.75 59.4 79.0 2.3 77.5 2.1

APM 13-08
(migmatite)

a1 1.595 1.7 0.105 1.9 0.001 20.2 0.952 5 0.87 115.4 133.2 3.3
a2 0.970 1.8 0.114 1.9 0.003 4.7 1.209 16 0.71 63.8 89.7 2.5
a3 4.434 1.7 0.428 1.8 0.003 5.1 1.950 17 0.72 82.0 113.9 2.8
a4 1.259 1.7 0.143 1.8 0.003 5.3 2.046 17 0.73 64.8 88.8 2.6 108.3 2.8

APM 14-08
(migmatite)

a1 0.295 2.0 0.054 2.2 0.009 4.5 0.558 5 0.76 39.9 52.3 1.4
a2 0.396 1.9 0.059 2.1 0.003 8.2 0.352 5 0.76 52.2 68.5 1.9
a3 0.463 1.9 0.070 2.0 0.006 5.6 0.479 5 0.75 50.4 67.1 1.8
a4 0.055 3.1 0.014 4.7 0.001 32.4 0.0134 5 0.73 29.6 40.8 2.1 56.7 1.8

APM 15-08
(granite)

a1 1.742 1.7 0.102 1.9 0.069 2.7 2.044 5 0.81 106.2 130.5 3.0
a2 1.820 1.7 0.118 1.9 0.245 2.5 2.476 5 0.89 76.4 85.9 1.9 113.3 2.5

Notes: ali. = aliquote, Unc. = uncorrected age., Ft = Ejection correction, Corr. = Ft-corrected age., and Mean ±2σ = Unweighted average
age ±2σ; further data can be found in the supplementary material (attached CD). Amount of helium is given in nano-cubic-cm in standard
temperature and pressure; amount of radioactive elements are given in nanograms; ejection correct. (Ft): correction factor for alpha-ejection
according to Farley et al. (1996) and Hourigan et al. (2005); uncertainties of helium and the radioactive element contents are given as 1 sigma,
in relative error %; uncertainty of the single grain age is given as 2 sigma in Ma and it includes both the analytical uncertainty and the

estimated uncertainty of the Ft; uncertainty of the sample average age is 2 standard error, as (SD)/(n)1/2; where SD = standard deviation of
the age replicates and n = number of age determinations. Four to six aliquots per sample were picked and analysed. If the investigated age of
a single grain deviates by more than 2σ from the mean age, the aliquot was rejected. These erroneous ages can be caused by several factors,
such as zoning of alpha-emitting elements, micro inclusions, the limit of detection, or the bias of the ejection correction (smaller grains have
larger errors).

Table 3.4: Apatite fission-track data of the samples from the elevation profile near Yacanto.

Sample No.
(rocktype)

Latitude
Longitude

Elevation
[m]

n ρs Ns ρi Ni ρd Nd P(χ2)
[%]

Age
[Ma]

±1σ
[Ma]

MTL
[µm]

SD
[µm]

N (L) Dpar
[µm]

APM 09-08
(migmatite)

032◦03.252´
064◦56.157´

2682 25 20.83 2670 14.99 1922 7.66 7368 42 169.7 14.4 12.50 1.75 58 1.72

APM 14-08
(migmatite)

032◦03.007´
064◦58.122´

1447 25 16.84 1279 14.40 1094 7.60 7368 2 143.7 13.6 12.30 1.34 50 1.75

APM 15-08
(granite)

032◦02.818´
065◦01.761´

831 25 17.22 1612 11.02 1031 7.83 7368 10 196.1 17.8 12.13 1.67 61 1.64

Notes: n number of dated apatite crystals, ρs/ρi spontaneous/induced track densities (×105 tracks cm−2), Ns/Ni number
of counted spontaneous/induced tracks, ρd track density on dosimeter, Nd number of tracks counted on dosimeter, P(χ2)
probability obtaining chi-squared value (χ2) for n degree of freedom (where n is the number of crystals -1); age ± 1σ is
central age ± 1 standard error (Galbraith & Laslett 1993); ages were calculated using zeta calibration method (Hurford &
Green 1983); glass dosimeter CN-5, and zeta value of 323.2± 25.3; MTL mean track length, SD standard deviation of track
length distribution, N number of tracks measured, Dpar etch pit diameter; further data can be found in the supplementary
material (attached CD).
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Figure 3.10: Sampled elevation profile near Yacanto based on a satellite image from Google Earth proTM (2010),
which is vertically exaggerated by a factor of 1.25. The yellow triangles mark the sample locations and the sample
number is indicated by the green font. Also inserted are the apatite (U-Th)/He ages (yellow font), the zircon
(U-Th)/He ages (red and underline font), and the apparent apatite fission-track ages with their associated track
length distribution is shown by the diagrams including the sample number and the number of confined tracks
measured (n). The white, dashed line indicates the morphology along the profile.

Apatite (U-Th)/He ages

Apatite (U-Th)/He weighted mean ages vary from 57 Ma (APM 14-08) at the foothill to 108

Ma (APM 09-08) on the top of the profile showing a distinct positive correlation of age with

increasing altitude (Fig. 3.10; Table 3.3). The obtained ages of APM 11-08 and APM 12-08 are

similar lying at around 75 Ma. In contrast, sample APM 10-08 is significantly older than APM

11-08.

Exceptions of the positive age with elevation correlation are represented by APM 13-08 and

APM 15-08 (Fig. 3.10). These two samples show ages of 108.3 Ma and 113.3 Ma, respectively.

The (U-Th)/He ages of every apatite sample are younger or overlap within their 1σ error with

its corresponding AFT-age in this profile (Tables 3.3, 3.4).

Ar-Ar dating

Three trachyandesitic rock samples from discrete outcrops have been investigated (Fig. 3.2). The

sample APM 6-09 was taken from trachyandesitic lava in a near top position (approx. 1,950 m

altitude) on the eastern side of Cerro Tomolasta. The rock displays a porphyritic texture and

is built up by plagioclase, sanidine and amphibole phenocrysts in a fine-grained, dark grey

groundmass of plagioclase, K-feldspar and amphibole. With 20-30 vol.-% and up to 3 cm size,

subhedral sanidine phenocrysts are the volumetrically dominant phase. The sample APM 7-09

represents a volcanic bomb, taken from a small outcrop within volcaniclastic layers on the

southeastern slope of El Morro. The sample CT3 (Table 3.5) represents a trachyandesitic lava,
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taken from the slope of Cerro Tala, directly east of the Sierra de Morro, approx. 2.5 km south

of the village La Esquina. This sample shows sanidine phenocrysts up to 5 mm (10-20 vol.-%)

as well as microcrysts of plagioclase, hornblende and pyroxene in a pale grey groundmass of

feldspar, amphibole and pyroxene.

Figure 3.11:
Ar-Ar age spectra
from analysed
trachyandesites
showing whole
rock (WR) and
hornblende ages.
A sample is con-
sidered to have a
plateau if it has 3
or more contiguous
fractions constitut-
ing at least 50 %
39Ar release and is
significant at the
95 % confidence
level (as indicated
by a Mean Square
Weighted Deviates;
MSWD<∼2.5). A
sample is consid-
ered to form an
isochron if it has 3
or more contiguous
fractions that form
a linear array
that is signifi-
cant at the 95 %
confidence level
(MSWD<∼2.5).

All samples show whole rock (WR) and hornblende spectra with well-defined flat plateaus

(Fig. 3.11). The whole rock ages exhibit better constrained plateau ages due to smaller errors of

their individual degassing steps (shown in bold in Table 3.5; Fig. 3.11). The obtained ages range
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from 7.54± 0.04 Ma for the Cerro Tomolasta (APM 6-09 WR) to 1.91± 0.02 Ma for the Cerro

Tala (CT3 Hbl., Fig. 3.5).

Table 3.5: Results of Ar-Ar analyses on trachyandesites sampled within the La Carolina volcanic field and the
Sierra del Morro.

Sample No.
(rocktype)

Locality;
Latitude
Longitude

Mineral
Integrated
age [Ma]

Plateau
age [Ma]

Plateau
information

Isochron
age [Ma]

Isochron
information

APM
6-09
(TR)

Cerro
Tomolasta, La
Carolina district;
-32.812719◦

-66.075278◦

WR 7.60±0.04 7.54±0.04 4 of 7 fractions,

89% 39Ar
release, MSWD
= 0.70

7.45±0.06 7 of 7 fractions,
89%
40Ar/39Ari =
312±5, MSWD
= 1.86

APM
7-09
(TRB)

Cerro El Morro,
El Morro
district;
-33.194399◦

-65.377763◦

WR 1.92±0.02 1.92±0.03 6 of 7 fractions,

99% 39Ar
release, MSWD
= 2.03

1.95±0.03 6 of 9 fractions,
89%
40Ar/39Ari =
293±2, MSWD
= 1.71

Hbl. 2.19±0.15 2.17±0.14 7 of 9 fractions,

98% 39Ar
release, MSWD
= 0.82

2.10±0.23 9 of 9 fractions,
89%
40Ar/39Ari =
296±2, MSWD
= 0.96

CT3
(TR)

Cerro Tala, El
Morro district;
-33.165472◦

-65.366944◦

WR 1.87±0.03 1.91±0.02 4 of 7 fractions,

82% 39Ar
release, MSWD
= 0.00

1.92 ±0.03 6 of 7 fractions,
89%
40Ar/39Ari =
295±2, MSWD
= 0.05

Hbl. 1.93±0.12 1.90±0.13 6 of 9 fractions,

87% 39Ar
release, MSWD
= 0.80

1.85±0.20 5 of 9 fractions,
89%
40Ar/39Ari =
296±3, MSWD
= 1.29

Notes: TR = trachyandesite, TRB = trachyandesitic lava bomb, WR = whole rock.

3.1.5 Discussion

Constraints on regional cooling and fault activity by K-Ar dating

The high-temperature (> 300 ◦C) cooling history of the basement rocks of the Sierra de Comechin-

gones was determined by K-Ar ages taken from biotite, muscovite and hornblende mineral

separates from the hanging wall and footwall blocks of Guacha Corral shear zone, as well as from

the shear zone itself (Steenken et al. 2010). The post-Pampean cooling of the basement of the

Sierra de Comechingones took place in the Cambrian to Early Ordovician, as recorded by the

K-Ar ages of pegmatitic hornblendes and muscovite booklets (513 Ma and 498 Ma to 474 Ma,

respectively). Based on the closure temperature for the K-Ar system between 500 ◦C and 430 ◦C

(for nonrecrystallised, coarse-grained muscovite booklets; e.g. Kirschner et al. 1996; Villa 1998)

these ages allow the estimation of a cooling rate of approximately 9 ◦C/Ma after the Pampean

granulite facies metamorphism (780-725 ◦C, 6-5.5 kbar; Guereschi & Martino 2008). With a

hypothetical geothermal gradient of 35 ◦C/km, a maximum exhumation rate of about 0.1 mm/a
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can be estimated (Steenken et al. 2010). Middle to Late Silurian K-Ar biotite ages (426-420 Ma)

document the cooling of the Sierra de Comechingones basement to approximately 300 ◦C (e.g.

Purdy & Jäger 1976) and the final transition from ductile to brittle deformation regime between

290 and 300 ◦C due to the onset of brittle behaviour of quartz below this temperature (e.g. van

Daalen et al. 1999; Passchier & Trouw 2005, and references therein).

K-Ar data may also provide valuable information on fault activities by dating authigenic illites

taken from fault gouges. In any case, the correlation of geological events and K-Ar ages from

authigenic illite separates requires a careful consideration of the fundamental assumptions of the

K-Ar-illite method (e.g. Clauer & Chaudhuri 1999).

One of the most important assumptions involved in the interpretation of K-Ar dating is a

closed system behaviour, thus no gain or loss of either 40K or 40Ar after the formation of the

illite. A lost of Ar might be possible due to thermal diffusion effects or exchange reactions with

hydrothermal fluids (e.g. Villa 1998). The importance of the effective diffusion radius on the

closure temperature for the Ar system has been demonstrated throughout a large number of

publications (e.g. Dahl 1996; Villa 1998; Hodges 2005). These publications are focused on white

micas with grain sizes > 200µm. In case of illite fine fractions, available information is sparse.

Hunziker et al. (1986) reported a closure temperature interval for the mica fractions < 2µm of

260± 30 ◦C, whereas Wemmer & Ahrendt (1997) found indication that fine-grained white micas

(sericite < 2µm) did not behave as open systems, even at temperatures of 275 ◦C. Therefore, the

closure temperature of finegrained mica has to be estimated somewhere between 275 and 350 ◦C

(Wemmer & Ahrendt 1997). Furthermore, errors in the acquisition of accurate K-Ar ages can

arise from contamination by other K-bearing phases. Potassiumfeldspar for example can, even

being very much older, rejuvenate the age due to its low closure temperature of about 150 ◦C (e.g.

Fitz Gerald & Harrison 1993). The major problem, which must be considered, is the possible

mixture of illite formed by different events at different times. For authigenic, neocrystallised

illite, the finest illite fraction should represent the most recently grown illite. Coarser grain size

fraction should yield older ages representing earlier illite forming events (e.g. Clauer et al. 1997).

In this study, we used the different illite polytypes to decipher different illite forming events,

thus the time span of the deformation history. In low-grade sedimentary rocks, the 2M1 illite

polytype is considered as detrital component, due to its restriction to epizonal conditions.

The 1Md and 1M polytypes are considered as authigenic products formed under diagenetic to

anchimetamorphic, prograde conditions during subsequent burial (e.g. Grathoff 1996). In contrast

to sedimentary environment, the illite investigated in this study originates from fault gouges

developed from granitoid host rocks under retrograde conditions. Thus, the development of 2M1

illite polytypes in a brittle fault gouge is possible due to subsequent cooling of the host rock and

its passage through epizonal conditions, which are more or less equivalent with the ductile-brittle

transition. Therefore, the 2M1 polytype should record the onset of brittle deformation.

Contamination of mineral fine fractions (< 2µm, < 0.2µm) by cataclastically crushed muscovite
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of the host rock is very unlikely because of the very strong mechanical resistance of this mineral.

Muscovite flakes would rather rotate parallel to the faulting plane than being grinded to extremely

small particles (e.g. Wemmer 1991). If so, they could be identified by their excellent crystallinity

(ca. 0.060 ∆◦2θ).

Following the above stated assumptions, we interpret all illite to be neoformed, i.e. to be fault

gouge related. Thus, the wide age span of the dated sample fractions documents a long lasting

fault activity from 341 Ma to 174 Ma, whereby the relationship of increasing K-Ar ages with

increasing grain size (Table 3.1; Fig. 3.9) is consistent with increasing content of older 2M1 illite.

Still, larger grain size fractions have to be considered as mixtures of illites formed at different

times and thus to be younger than the oldest illite forming event.

This interpretation is constrained by K-Ar ages from pegmatitic large-grained host-rock

muscovites in the Merlo profile showing ages from 487 Ma to 431 Ma (Steenken et al. 2010), thus

they are significantly older than all obtained K-Ar illite ages, even from fractions with high 2M1

polytype content (Table 3.1).

The six analysed fault gouge samples show three different age groups, depending on their

location along the sampled profile (Fig. 3.9). The samples from the footslope of the Sierra

de Comechingones (samples APG 91-09 and APG 92-09) show the oldest ages of all analysed

samples. Neglecting a possible potassium contamination of the 2-6µm fractions (Table 3.2),

these samples are interpreted to document the onset of brittle deformation in this region. The

onset of deformation under epizonal conditions is supported by the highest amount of 2M1 illite

polytype in all analysed samples (Table 3.1). Thus, the oldest age of the 2-6µm fraction of

around 340 Ma (Fig. 3.9, APG 92-09) has to be considered as minimum age for the onset of

brittle deformation in this region. This result is similar to a K-Ar muscovite age of 335 Ma

from a fault scarp in the Sierras de Córdoba (Los Gigantes) obtained by Jordan et al. (1989).

Additionally, this interpretation is supported by the mentioned K-Ar biotite ages from the Sierra

de Comechingones, documenting the cooling below the ductile- brittle transition at Middle to

Late Silurian times (K-Ar biotite ages, 426-420 Ma; Steenken et al. 2010). Deformation along the

sampled faults in the footslope area ceased around 240 Ma, but brittle deformation continued

along other faults, e.g. APG 82-09 to APG 90-09 (Fig. 3.9).

The samples taken from the uppermost hillslope area (APG 82-09 and APG 85-09) show

a narrower age span between fractions than the other samples, indicating a shorter period of

activity along these faults. We interpret the comparatively small age span of sample APG 82-09

to represent a major short-lived deformation event between 260 Ma and 240 Ma without any

further reactivation of this fault. The samples APG 89-09 and APG 90-09 derived from the

middle slope area show the youngest ages of all samples. Activity along these faults is interpreted

to have started at similar times than the deformation on the uppermost hillslope area (around

260 Ma). The < 2µm fractions yield ages of 223 Ma and 210 Ma. As these fractions include the

younger < 0.2µm fractions the onset of brittle deformation around 260 Ma is likely, matching
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the ages obtained from the 2-6µm fraction. This gives evidence to a major Permo-Triassic

(240-260 Ma) deformation event, which might be related to an earlier flat-slab subduction episode

with subsequent compression at these latitudes during the Early-Middle Permian as proposed by

Ramos & Folguera (2009). This event might also be related to the Permian deformed rocks of

the Bajo de Véliz (e.g. Costa et al. 1998; Azcuy et al. 1999).

The < 0.2µm fraction documents a further reactivation around 175 Ma in the Middle Jurassic.

This reactivation could be related to rifting processes in the region of the Sierras Pampeanas

generated during the earliest stage of opening of the Southern Atlantic Ocean. These rifting

processes are also documented by basaltic rocks at the Sierra de Las Quijadas (westernmost San

Luis province), with K-Ar ages ranging from 164 Ma to 107 Ma (González 1971; González &

Toselli 1973; Yrigoyen 1975), 10-20 Ma younger than the youngest K-Ar age of 174 Ma (APG

90-09, < 0.2µm fraction). The latter age is also interpreted to represent the last illite forming

deformation event in this region, while brittle faulting may have continued below illite forming

temperatures. These temperatures are estimated to be approximately 75-110 ◦C (e.g. Hamilton

et al. 1992). Cooling below the illite forming temperature is constrained by apatite fission-track

and apatite (U-Th)/He ages from the Yacanto profile (Table 3.3). In fact, the youngest illites

must overlap with the apatite fission-track ages (cooling below 130-60 ◦C), whereas the apatite

(U-Th)/He ages (60-40 ◦C) always must be younger. This can be observed for all analysed

samples. Non-deformational illite formation by fluid percolation cannot be excluded, but is

unlikely due to consistency of the data set.

Implications from thermochronological data and Ar-Ar dating

Thermal modelling

Based on the apatite fission-track ages and the length distribution as well as on the (U-Th)/He

ages of zircon and apatite, thermal modelling on two samples was performed following the

approach of Ketcham (2005) using HeFTy, a computer program, which comprises tools to obtain

more information from thermochronometric data through forward and inverse modelling.

These samples were chosen due to their position on the top (APM 09-08) and at the base

(APM 15-08) of the vertical profile, containing the longest thermal memory of all samples and

information of the youngest PRZA passage event, respectively. Two constraints were set to the

thermal modelling: (1) the beginning of the time-temperature path was constrained by the zircon

(U-Th)/He data and (2) the end of the time-temperature paths was set to 17 ◦C, according to

annual mean temperatures in the study area (Müller 1996).

Both modelled samples show slow cooling until 210 Ma (APM 15-08) and 180 Ma (APM 09-08)

(Fig. 3.12). Cooling rates are between 4 ◦C/Ma and 1.5 ◦C/Ma during this time, followed by a

time of more or less constant temperature conditions, lasting for about 80 Ma. This behaviour
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is also confirmed by the length distribution of the apatite fission-tracks (Fig. 3.10), indicating

a slow to moderate cooling through the PAZA. Final cooling below the effective (U-Th)/He

closure temperature of apatite started around 90 Ma for APM 09-08 showing a cooling rate of

1.75 ◦C/Ma reaching near-surface conditions at around 80 Ma. Additionally, modelling revealed a

possible burial event between 130 Ma and 90 Ma, which might be related to the Early Cretaceous

rifting event mentioned earlier. In contrast to sample APM 09-08, the onset of final cooling for

APM 15-08 is far less constrained. Cooling below 60 ◦C probably started around 120 Ma with

an average cooling rate of less than 0.5 ◦C/Ma. However, these cooling rates are just a rough

approximation concerning the possible range of good fitting time-temperature paths (Fig. 3.12),

but are similar to cooling rates obtained by Jordan et al. (1989) based on fission-track data from

one single sample nearby the area regarded in this study.

Figure 3.12: Apatite
fission-track and (U-
Th)/He thermal history
modelling results using
HeFTy (Ketcham 2005);
light grey paths: acceptable
fit, dark grey: good fit,
black line: best fit. Also
given are cooling rates
considering the best fit
path. a) for sample APM
09-08. b) for sample APM
15-08.

A positive age-elevation trend, constrained by the used low-temperature geochronometers,

usually allows a direct estimation of long-term exhumation rates, assuming that the closure

isotherm of the employed systems remained flat and stationary during cooling (Stüwe et al.

1994). However, our samples are not from a pure vertical profile but show considerably horizontal

distances between samples wherefore we abstained from calculating denudation rates.
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AFT and AHe ages

Many apatite grains show (U-Th)/He ages around 70-80 Ma (Table 3.3) indicating cessation

of the thermochronological record within the Yacanto profile implying that our samples left

the PRZA at that time (Fig. 3.13, e.g. Fitzgerald et al. 1999; Fitzgerald 2002; Fitzgerald et al.

2006). Thus, no cooling history younger than Late Cretaceous is recorded by the used methods.

The apparent Early Cretaceous ages of APM 13-08 and APM 15-08 are too old and can be

explained by (a) APM 13-08 is probably related to a rockslide evidenced in aerial photographs

and (b) a single grain age of APM 15-08 is contaminated by He-bearing inclusions. Excluding

this single grain age, a weighted mean age of 85 Ma is calculated still being older than sample

APM 14-08. This discrepancy in the age-elevation trend is due to thrusting sample APM 14-08

above APM 15-08 (Fig. 3.14). This is also supported by the apatite fission-track ages of these

samples, indicating that APM 15-08 passed the partial annealing zone earlier than APM 14-08

(Fig. 3.10; Table 3.4). In contrast, the relatively decreased apatite (U-Th)/He age of APM 14-08

compared to the samples APM 11-08 and APM 12-08 is probably related to the small radius

of crystal four which shows an age of around 40 Ma (Table 3.3). Rejecting this grain due to its

size results in a mean age of nearly 70 Ma, confirming the mentioned time when the investigated

samples left the PRZA (Fig. 3.13).

Figure 3.13: Elevation of
the samples plotted against
their AHe age showing a
cluster at around 80 Ma in-
dicating that they passed
the PRZA at that time
(e.g. Fitzgerald et al. 1999;
Fitzgerald 2002; Fitzgerald
et al. 2006). Arrows indi-
cate shifting of the age af-
ter recalculating (further de-
tails are explained in the
text). APM 13-08 is proba-
bly affected by a landslide.

A geothermal gradient of approximately 26 ◦C/km as suggested by Sobel & Strecker (2003)

for the Northern Sierras Pampeanas was used to characterise the depth of the PRZA. Using

this gradient, the upper thermal boundary of the PRZA is located in 2,300 m depth. Thus, the

final exhumation, including the younger Andean deformation, is constrained to a maximum of

2,300 m since the passage of analysed samples through the PRZA at around 80-70 Ma. Due to

the difference in elevation of approximately 1,850 m between sample APM 15-08 and APM 09-08

within the vertical profile, the amount of eroded thickness, particularly at the hillslopes, can be

constrained to not exceed 450 m since 80 Ma. Otherwise, the apatite (U-Th)/ He ages from the

footslope area of the profile would yield younger ages. This information is used to calculate a very

rough approximation of the erosion rate, affecting the top area of the profile, yielding a value of
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≤ 6.4 m/Ma (0.006 mm/a). This does not contradict with the structural evolution model usually

accepted for the Sierras Pampeanas (Criado Roque et al. 1981; Jordan & Allmendinger 1986;

Costa 1992; Ramos et al. 2002, among others) but places rough constraints on the maximum

possible uplift during the Andean orogeny (Fig. 3.14).

Figure 3.14: Uplift history of the
Sierra de Comechingones implied by low-
temperature geochronology. a) Before
80 Ma, the area probably was charac-
terised by a slightly elevated relief, hence
acting as sedimentary source for adja-
cent basins to the east and northeast.
Whether sedimentation also occurred to
the west is arguable. Assuming a geother-
mal gradient of about 26 ◦C/km, the
PRZA of the (U-Th)/He system was lo-
cated at 2300 m depth. All investigated
samples lay within this PRZA before
80 Ma, whereby APM 15-08 was located
at a higher crustal level than APM 14-08.
b) Currently, all investigated samples are
at the surface and the PRZA is located at
2300 m depth assuming the same geother-
mal gradient. Due to passing the PRZA
at around 80 Ma, indicated by the upper
boundary of the paleo PRZA, the inves-
tigated samples could be uplifted by a
maximum of 2300 m since the Late Creta-
ceous. The difference in altitude between
APM 15-08 and APM 09-08 is 1850 m,
representing the minimum amount of up-
lift. The maximum uplift of 2300 m is
constrained by the depth of the paleo
PRZA and a dip of 3◦ of the eastern
slope. Also concerning erosional pro-
cesses, the real uplift is in between these
values since 80 Ma. Thrusting to the west
along the main boundary fault located be-
tween APM 15-08 and APM 14-08 post
80 Ma resulted in the sample altitudes
observed today.

Low-temperature exhumation model

The exhumation history for the period before 80 Ma is less constrained due to the lack of zircon

fission-track data. Two scenarios can be discussed based on the obtained low-temperature

data. First, the exhumation of our samples above the 60 ◦C isotherm is induced by erosion

commencing during the Early Cretaceous (Fig. 3.14). This suggests that the area of the Sierra de

Comechingones was already characterised by a positive relief, a relatively stable setting, whereby

the morphologic height acted as sedimentary source (Fig. 3.14a). The cooling path of APM

09-08 (Fig. 3.12a) shows a cooling rate of less than 0.2 ◦C/Ma between 180 Ma and 100 Ma,

comparable to data described by Jordan et al. (1989). Also, Carignano et al. (1999) postulated
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that the area of the Sierras Pampeanas was characterised by geomorphological positive elements

showing evidence of erosional cycles forming several planation surfaces during the Jurassic and

the Cretaceous. The related sediment flux was deposited in Cretaceous intracratonic rift basins

(i.e. Sierra Chica Basin and General Levalle Basin) connected to the opening of the South

Atlantic Ocean (Uliana et al. 1989; Schmidt et al. 1995; Webster et al. 2004). The sedimentary

record represented by thick basal conglomerates in the General Levalle Basin or by two thick

megasequences in the Sierra Chica Basin of up to 650 m. K-Ar ages of lava flows found in the

basin deposits vary between 151± 10 Ma and 114± 5 Ma (Gordillo & Lencinas 1967; Stipanicic

& Linares 1975).

The second scenario is characterised by a burial event between 130 Ma and 90 Ma as indicated by

thermal modelling and bimodal track length distribution of sample APM 09-08 (Figs. 3.10, 3.12).

The time-temperature path from thermal modelling indicates a maximum burial of approximately

2 km (Fig. 3.12a, dashed line). However, further data are needed to constrain this possible burial

event.

Ar-Ar data on the age of volcanic activity

The Ar-Ar ages presented in this study strongly support and constrain the older K-Ar ages

presented above (Table 3.5). Older K-Ar geochronological data as well as new Ar-Ar WR and

mineral ages show that the volcanic rocks of the San Luis and Sierra de Morro area formed

during a volcanic episode occurring between 11.2 and 1.9 Ma. The ages become progressively

younger from the west to the east (Table 3.5). The volcanic activity of the belt began in the

sectors of Cañada Honda and La Carolina between 11.2 Ma and 8.2 Ma and expanded to the

entire belt between 6.4 Ma and 6.3 Ma (Ramos et al. 1991; Sruoga et al. 1996; Urbina & Sruoga

2008, 2009). The magmatic activity in the La Carolina region ceased around 6.3 Ma, whereas it

lasted until 2.6 Ma in the Cerros del Rosario and the easternmost sector of El Morro and Cerro

Tala. The westernmost sector of the Sierra del Morro shows activity until 1.9 Ma recording the

youngest volcanic activity in the entire Sierras Pampeanas (this study; Ramos et al. 1991).

3.1.6 Conclusions

(1) K-Ar dating on illite fine fractions from fault gouges shows a long lasting brittle deformation

history. The minimum age for the onset of brittle deformation is constrained to lay around

340 Ma. This is consistent with the 426-420 Ma K-Ar biotite ages from basement rocks

(Steenken et al. 2010), which determine the brittle-ductile transition temperature.

(2) There is strong indication for a major Permo-Triassic (260-240 Ma) deformation event as

indicated from several K-Ar illite fine-fraction ages of all analysed fault gouge samples.
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(3) The last illite forming event dated around 174 Ma, indicating cooling below the minimum

formation temperature of illite.

(4) Assuming a geothermal gradient of 26 ◦C/km, the thermochronological data constrain the

total exhumation of the Sierra de Comechingones to a maximum of about 2.3 km since the

passage of the analysed samples through the PRZA during the Late Cretaceous (80-70 Ma).

(5) Thermal modelling yields very low cooling rates, ranging from 4 ◦C/Ma to < 0.2 ◦C/Ma.

(6) Regarding denudation processes, our thermochronological data indicate relatively stable

conditions since at least 80 Ma. This fact agrees with the remarkable preservation of

paleolandsurfaces at the eastern slope of the Comechingones uplifted block.

(7) The propagation of flat-slab subduction as expressed by volcanic activity is reconfirmed by

new Ar-Ar data on amphiboles and whole rock, yielding ages from 7.54 Ma to 1.92 Ma.

(8) Considering the present day difference in altitude between top and base of the Sierra de

Comechingones (1,850 m), as well as the depth to the AHe paleo-PRZA at 80 Ma, the amount

of maximum eroded thickness from the top region of the Sierras can be constrained to a

maximum of 450 m ever since, although more probably is close to zero.

(9) The new thermochronological data do not clearly illuminate the uplift of the Pampean

ranges during the Neogene, but give indication that the Post-Cretaceous uplift related to the

Comechingones fault at the study section is between 1850 m and 2300 m. However, several

uncertainties related to the dynamic evolution of this structure might bias such estimation.
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3.2 Sierra de San Luis

3.2.1 Introduction

The Sierra de San Luis (SSL) is one of the southernmost ranges belonging to the Sierras

Pampeanas (Pampean Ranges) region. These ranges correspond to around twelve basement

block uplifts (González Bonorino 1950; Gordillo & Lencinas 1979; Caminos 1972; Jordan &

Allmendinger 1986; Ramos et al. 2002) surrounded by basins of flat topography, which widely

crop-out in central-western Argentina from 27◦ S to 33◦ S (Figs. 1.2, 3.2). In general they consist

of Late Pre-Cambrian to Early Paleozoic metamorphic and igneous rocks and show a topographic

asymmetry represented by a steep western and a gentle eastern slope. The latter is usually

characterised by the remains of diachronically evolved erosional paleosurfaces (Jordan et al. 1989;

Carignano et al. 1999; Costa 1999). The topographic asymmetry is interpreted to be linked to

neotectonic uplift along bounding reverse faults which are characterised by a listric geometry

(González Bonorino 1950; Jordan & Allmendinger 1986) and are commonly located at their

western side. The last significant uplift episode is considered to be related to the onset of the

Andean flat-slap subduction with related thermal weakening and crustal thickening (e.g. Stauder

1973; Barazangi & Isacks 1976; Jordan et al. 1983; Pilger 1984; Costa 1999; Ramos et al. 2002;

Ramos & Folguera 2009). Due to this deformation style Jordan & Allmendinger (1986) regarded

the region of the Sierras Pampeanas as a modern analog of the Rocky Mountains foreland uplifts

during the Laramide orogeny in North America.

The geologic knowledge of Pampean ranges has been traditionally focused on the lithology

and evolution of the igneous-metamorphic basement exposed, being a general agreement for

considering the tectonometamorphic evolution of the basement completed by Early Carboniferous

times. Later deformation of these blocks was dominated by brittle deformation, leading to a

characteristic structural style of mountain ranges bounded by major reverse faults. However,

there still are many open questions about the evolutionary paths of these ranges during the

different tectonic regimes that prevailed since the Gondwana break-up, as well as their significance

in the regional mountain building through time. Low-temperature thermochronologic data as

well as absolute dating supporting quantitative estimation on Neogene block uplift as well as the

morphotectonic evolution Jordan et al. (proposed by 1983); Jordan & Allmendinger (proposed

by 1986); Ramos et al. (proposed by 2002); Ramos & Folguera (proposed by 2009); Ramos

(proposed by 2010, among others) are still scarce in the Sierras Pampeanas region. A key

feature for analysing and understanding the morphotectonic evolution of these ranges refers to

the erosive paleosurfaces which are usually preserved at the eastern hillslopes of most ranges

of the Pampean ranges, including the Sierra de San Luis. Low-temperature thermochronologic

dating methods like fission-track and (U-Th/He) analysis as well as K-Ar illite fine-fraction

ages from fault gouges are powerful tools in the attempt to close these gaps by investigating

the cooling and exhumation history (sensu England & Molnar 1990) associated with mountain
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building, crustal deformation and landscape evolution (e.g. Gallagher et al. 1998; Stockli et al.

2000; Farley 2002; Ehlers et al. 2003; Fitzgerald et al. 2006).

In this study we investigated an elevation profile within the western part of the Sierra de San

Luis, between the villages of Nogoĺı in the west and Rio Grande in the east (Figs. 3.15, 3.16)

in order to i) delineate an evolutionary exhumation model of the Sierra de San Luis, ii) to

extend the postmetamorphic cooling path of the crystalline basement within this range (Steenken

et al. 2004) to the low-temperature thermal history, iii) to compare the cooling history to that

of the Sierra de Comechingones as described by Löbens et al. (2011), iv) to test if the uplift

signal related to the Andean orogeny could be isolated from previous exhumation processes,

and v) contribute to the knowledge of the regional cooling history. In order to accomplish

these objectives, three different approaches were conducted; (a) K-Ar dating on brittle fault

gouges to evaluate the timing of the brittle deformation activity, (b) apatite fission-track analysis,

and (c) (U-Th)/He measurements of zircon and apatite. Gouge-bearing small-scale fault zones

were sampled and dated by K-Ar illite method in several grain size fractions. Additionally,

illite polytype quantification, illite crystallinity determination and mineralogical classification

of gouges were done by X-ray diffraction. The two latter methods were used to decipher the

cooling and exhumation history of the sampled region by dating the passage of samples through

a mineral-dependant temperature range.

Samples for K-Ar dating were taken from well-developed clay fault-gouges in the crystalline

basement. Apatite fission-track and (U-Th)/He samples were taken from basement rocks,

predominantly comprising granitic rocks.

3.2.2 Geologic and morphotectonic setting

Accretion of different allochthonous and parautochthonous terranes during the Pampean, Fama-

tinian and Achalian Orogeny in the Late Proterozoic and Early Paleozoic formed the basement

complex of the Sierras Pampeanas (e.g. Ramos 1988; Ramos et al. 2002; Steenken et al. 2004;

Miller & Söllner 2005; Ramos 2008). As one of the southernmost parts of the basement complex,

the Sierra de San Luis mainly consists of metamorphic and igneous rocks. These metamorphic

units include schists, migmatites, gneisses and phyllites (Ortiz Suárez et al. 1992; von Gosen

& Prozzi 1998; Costa et al. 2000, 2001b, and others), which are related to emplacement of

multistage granitoids showing ages between Cambrian and Early Carboniferous (López de Luchi

et al. 2004; Siegesmund et al. 2004).

Terrane sutures and crustal anisotropies, formed in the Late Proterozoic and Early Paleozoic

while the terrane accretion, were extensionally reactivated during the Mesozoic (e.g. Criado

Roque et al. 1981; Schmidt et al. 1995; Gardini et al. 1996, 1999; Costa et al. 2000, 2001b; Ramos

et al. 2000, 2002) developing continental basins which are usually characterised by a half-graben

structure and mainly contain Early Cretaceous deposits (Schmidt et al. 1995; Costa et al. 2000,
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2001b). Around some parts of the Sierra de San Luis the stratigraphic record is characterised by

isolated Gondwanian lacustrine-fluvial deposits bearing Glossopteris flora (e.g. Bajo de Véliz,

Agua Dorada, La Estanzuela and Suco region; Hünicken & Pensa 1980a; Hünicken et al. 1981;

Limarino & Spalletti 2006). Cretaceous and Neogene volcanic rocks with clastic deposits of same

ages are in a periclinal arrangement around the range (Santa Cruz 1979; Hünicken & Pensa

1980a; Criado Roque et al. 1981; Costa et al. 1998, 2000, 2001b). Additionally, Solá (1979)

described isolated outcrops of volcanic rocks in inner parts of the Sierra de San Luis showing

ages between 85.5± 5 Ma and 83.5± 5 Ma, which are related to the Mesozoic rift.

Figure 3.15: Overview of the study area. a) Geological map of the Sierra de San Luis (study area is marked
by blue bar); b) SRTM elevation model of southern Sierra de San Luis (study area is marked by blue rectangle,
main faults are indicated by yellow lines); c) Elevation profile and sample location with inferred major fault zones
(location of fault zones based on geological maps from San Luis and San Fransisco del Monte de Oro Costa et al.
2001a, please note that major fault zones illustrated here do not have a surface expression exposed).

Cenozoic crustal shortening as well as flattening of the subduction angle of the Nazca Plate

(Stauder 1973; Barazangi & Isacks 1976; Pilger 1984), which is related to the collision of the Juan

Fernández Ridge in the Miocene (Yáñez et al. 2001; Ramos et al. 2002), led to uplift and tilting

of the Pampean basement blocks (González Bonorino 1950; Gordillo & Lencinas 1979; Criado
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Roque et al. 1981; González Dı́az 1981; Jordan & Allmendinger 1986; Introcaso et al. 1987;

Massabie 1987; Costa & Vita Finzi 1996; Ramos et al. 2002). Further, Kay et al. (1991), Ramos

et al. (2002), Cristallini et al. (2004), Ramos & Folguera (2009), and Ramos (2010) suggest that

the eastward migration of the magmatic activity towards the foreland induced crustal thermal

weakening, hence favouring block uplift soon after the magmatic emplacement. These uplifts

were usually controlled by the former main bounding faults of the Mesozoic rift system, which

were inverted during the Andean compression as well as inherited crustal weaknesses (e.g. Criado

Roque et al. 1981; Schmidt et al. 1995; Gardini et al. 1996, 1999; Costa et al. 2000, 2001b). To

what extend the current structural relief of the Pampean ranges blocks is related to the Andean

compression is not yet well known. Recent studies suggest that the exhumation component by

Andean compression might be of minor contribution than formerly assumed (Löbens et al. 2011).

Figure 3.16: Simplified map of the study area with locations of thermochronological samples (green triangles)
and K-Ar illite fault-gouge samples (red triangles). For location of map extent see Fig 3.15a, b.

The Sierras Pampeanas uplifts are characterised as a broken foreland during the Andean

orogeny, and, at least in their present day final structural configuration, as distinctive surficial

characteristics of the Pampean flat-slab segment of the subducting Nazca Plate (Jordan et al.

1983; Jordan & Allmendinger 1986; Ramos et al. 2002). However, their morphotectonic evolution

has not yet completely been clarified. Because almost no sedimentary cover was developed or

preserved atop the ranges for constraining the geometry and characteristics of the post-Paleozoic
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structural relief, the planation surfaces, mainly established on the eastern side of the ranges, are

envisaged as a key geometric marker for this purpose. These paleolandsurfaces, already described

by the early geologic works within the Sierras Pampeanas (e.g. Stelzner 1885; Brackebusch

1891; Bodenbender 1895, 1911; Gross 1948; González Bonorino 1950), have been regarded as

a continuous and essentially synchronous surface, which was uplifted and disrupted during the

Andean orogeny (González Dı́az 1981; Criado Roque et al. 1981). Alternatively, Carignano

et al. (1999) suggested that topographic scarps, preserved in inner areas of the erosion surfaces

separating their different topographic levels, are a result of juxtaposition of diachronic surfaces.

According to these authors scarps show ages between the Late Paleozoic and Paleogene. A

similar idea was previously raised by Jordan et al. (1989) who extend their interpretation of only

four thermochronologic data points (one age each for the Sierras Ancasti, Córdoba, Famatina

and Velasco) to the entire Sierras Pampeanas and suggested that the chronological development

of these surfaces were essentially diachronically. Further, the assumption of alleviated block

uplift related to eastward migration of magmatic activity (Kay et al. 1991) implies to assume

a diachronic uplift wave, starting at 7.6-6 Ma in the Sierra de Aconquija and arriving around

2.6 Ma at the Sierra de San Luis (Yáñez et al. 2001; Ramos et al. 2002; Ramos & Folguera 2009).

The latter would link the morphotectonic evolution with the main tectonic episodes along the

Andes during the Neogene.

In the Sierra de San Luis, the planation surfaces are tilted by 2-8◦ E and generally charac-

terised by a gentle undulated relief, exposing crystalline basement which is partially covered by

Quaternary Loess.

Post metamorphic cooling history

The post-metamorphic cooling history of the basement domains of the Sierra de San Luis has

been accessed by Rb-Sr and K-Ar dating on micas by various studies (e.g. Varela et al. 1994;

Sims et al. 1998; González 2000; Sosa et al. 2002; Steenken et al. 2004, 2008). Results from these

studies suggest that cooling recorded by K/Ar biotite ages commenced in the western part of

the Sierra de San Luis (Nogoĺı Metamorphic Complex) migrating in time to the east. Recorded

differences in K-Ar ages are small, wherefore it is assumed that the entire Sierra de San Luis

reached epimetamorphic conditions (300-350 ◦C) during the middle Mississippian (345-328 Ma;

Steenken et al. 2008). Further, the distribution of K-Ar ages suggests that the differential cooling

of the basement of the Sierra de San Luis was not the result of a rotational ’en-bloc’ exhumation

but rather accommodated by the two belts of the San Luis Formation, as recorded by K-Ar

fine-fraction ages from the San Luis Formation. This Formation, lying several kilometers to the

north of the study area, comprises two narrow belts of low-grade phyllites and quartz arenites.

K-Ar fine-fraction ages cover the time span from the middle Mississippian to the lower Cisuralian

(345-299 Ma; Steenken et al. 2008; Wemmer et al. 2011). Thereby, ages > 320 Ma are synchronous

with a period of intra-Carboniferous compressional tectonism, e.g. the Toco orogeny (Bahlburg
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& Breitkreuz 1991). However, the tectonic of this Upper Mississipian event is poorly understood.

A relationship to the accretion of a terrane has been proposed (Ramos et al. 1986; Gohrbandt

1992; Davis et al. 1999; Ramos et al. 2000), but this contradicts the hypothesis of an Early

Devonian docking of the Chilenia terrane (Achalian orogenic cycle) to the southwestern margin

of Gondwana (Sims et al. 1998; Siegesmund et al. 2004). However, these ages are considered to

document the end of ductile deformation.

3.2.3 Methodology

Mineralogy and K-Ar dating of fault gouges

In brittle near-surface faults, rocks are broken and crushed by tectonic movements. In these

localized zones the increased surface together with water creates a high chemical reactivity,

allowing retrograde processes to produce fault gouges composed of authigenic hydrosilicates such

as illite. Thus, formation time of the authigenic illite in a fault gouge can be correlated with

periods of motion along the fault (e.g. Lyons & Snellenburg 1971; Kralik et al. 1987). In addition

to interpret K-Ar illite ages in terms of the timing of faulting and thrusting (e.g. Wemmer 1991;

Solum et al. 2005; Haines & van der Pluijm 2008; Zwingmann et al. 2010; Surace et al. 2011;

Löbens et al. 2011; Wolff et al. 2012), K-Ar illite dating has been used to constrain the age of

hydrothermal fluid migration as well as oil and gas migration (Hoffman & Hower 1979; Aronson

& Burtner 1983; Lee et al. 1985; Hay et al. 1988; Hamilton et al. 1989; Pevear et al. 1997; Pevear

1999; Grathoff et al. 2001; van der Pluijm et al. 2001; Clauer et al. 2012).

Nevertheless, one of the most important assumptions involved in the interpretation of K-Ar

fault gouge ages is a closed system behaviour, thus no gain or loss of either 40K or 40Ar after the

formation of the illite. A loss of Ar might be possible due to thermal diffusion effects, especially

because of the very small size of illite grains or exchange reactions with hydrothermal fluids

(e.g. Villa 1998). The importance of the effective diffusion radius on the closure temperature

for the Ar-system has been demonstrated throughout a large number of publications (e.g. Dahl

1996; Villa 1998; Hodges 2005). However, these publications are focused on white micas with

grain-sizes > 200µm. In case of illite fine-fractions (grain size as small as < 0.2µm), available

information is sparse. Hunziker et al. (1986) reported a closure temperature interval for the

mica fractions < 2µm of 260± 30 ◦C, whereas Wemmer & Ahrendt (1997) found indication that

fine-grained white micas (sericite < 2µm) did not behave as open systems, even at temperatures

of 275 ◦C. Therefore, the blocking temperature for Ar in fine-grained mica has to be estimated

somewhere between 275 ◦C and 350 ◦C (Wemmer & Ahrendt 1997).

Further errors in the acquisition of accurate K-Ar ages can arise from contamination by other

K-bearing phases. Potassium-feldspar for example, even being very much older in formation,

can rejuvenate the age due to its low closure temperature of about 150 ◦C (e.g. Fitz Gerald &
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Harrison 1993). The major problem, which must be considered, is the possible mixture of illite

formed by different events at different times. For authigenic, neocrystallised illite, the finest illite

fraction should represent the most recently grown illite. Coarser grain size fraction should yield

older ages representing earlier illite forming events (Clauer et al. 1997). However, we recognize

that ages are not usually specific times but represent an integration of events.

Mineral identification was done by XRD analysis on randomly oriented sample powders as

well as oriented (textured) compounds using a Phillips PW 1800 X-ray diffractometer in a step

scan mode (0.020 ◦2θ) in the range from 4-70 ◦2θ. Preparation, sample treatment and mineral

identification followed the methods described by Moore & Reynolds (1989). In order to support

the identification of clay minerals, samples were measured in different conditions, i.e. under

air-dry and ethylene glycol solvated conditions. For more details the reader is referred to Wemmer

(1991). Selected samples were also analysed by TEM to verify mineral identification done by

XRD analyses.

In addition to mineralogy, the illite crystallinity and polytypism are determined, which

can provide important indices for the determination of thermal evolution and very low-grade

metamorphism grades. The KI (Kübler index or crystallinity Index) values, which are inversely

proportional to the illite crystallinity, are defined after Kübler (1964) as half-height width of

the 10 Å XRD peak. The values for the illite crystallinity may range from 0.060 ∆◦2θ for ideally

ordered muscovite up to 1 ∆◦2θ for illite/smectite mixed layers (Kübler 1964, 1967, 1968). Kübler

(1967) suggested boundary values of 0.420 ◦2θ and 0.250 ◦2θ to divide the zones of the very low

grade metamorphism into, from lower to higher grade, diagenetic zone (KI> 0.420 ◦2θ), anchizone

(0.420 ◦2θ <KI> 0.250 ◦2θ) and epizone (KI<0.250 ◦2θ; see also Gharrabi et al. 1998; Jaboyedoff

et al. 2000; Jaboyedoff 2001). Temperatures corresponding to the two boundaries are around

150 ◦C and 300 ◦C, respectively (Fig. 3.17).

It is important to keep in mind that the analysed samples represent mixtures of illite of

different age and polytypism. Thus, IC as an indicator for temperature experienced by the fault

gouge cannot be interpreted easily, because samples give mixed IC-values by integrating the

IC of all abundant illite phases. However, the KI values of authigenic fault gouge illite, even

of mixtures, can be used to estimate the minimum temperature experienced by the fault gouge

sample. Additionally, KI values may help to decipher evolutionary differences between grain size

fractions of one sample as well as between samples.

Polytypism (Bailey et al. 1977; Guinier et al. 1984) is a common phenomenon for layered

silicate minerals such as mica, chlorite and kaolinite. For illite the most common polytypes

are the 1Md, 1M and 2M1 (e.g. Reynolds & Thomson 1993). With raising temperature, illite

shows irreversible polytype transformation of 1Md→ 1M→ 2M1 (Hunziker et al. 1986). The

2M1 polytype is considered as the most stable at the earth’s surface whereas the 1Md and 1M

polytypes can be considered as metastable. Yoder & Eugster (1955) as well as Weaver (1989)

concluded that the transition from 1Md and 1M to 2M1 begins at a temperature of approximately
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200-210 ◦C (Fig. 3.17). Generally, illite has 1Md and 1M polytypes in a diagenetic zone, a mixture

of 1M and 2M1 polytypes in the anchizone and more or less sole 2M1 polytypes in the epizone

(Fig. 3.17; e.g. Bailey 1966; Srodon & Eberl 1984).

Figure 3.17: Scheme for the interpretation of K-Ar illite fine-fraction ages and polytype quantification data in
combination with regional cooling data derived from (U-Th)/He, apatite fission-track and K-Ar biotite methods.
The illite polytype transition zone marks the irreversible transition from one respective polytype to another under
prograde conditions. Thus, under retrograde conditions there will always be a mixture of polytypes in the respective
metamorphic zone. The temperatures for the transition between polytype- deformation- and metamorphic regimes
have to be considered as continuously with no exact constrained temperature boundaries. The ages for the fault
gouge fine-fraction (2-6µm; 2µm and < 0.2µm) are not indicated in figure but would lie between the maximum
100 % 2M1 age and the minimum 100 % 1Md age (please note that this scheme involves simplifications. Additionally,
the scheme is mainly concerted on interpretation of non-sedimentary rocks; KI = Kübler Index; TC = effective
closure temperature; temperatures for respective system see Reiners & Brandon 2006); approximated illite
polytype transformation temperatures according to Yoder & Eugster (1955), Velde (1965), Hunziker et al. (1986),
Weaver (1989), and Zoeller & Brockamp (1997); temperature ranges of brittle and ductile deformation behavior
of quartz taken from Passchier & Trouw (2005), KI values for diagenetic zone, anchi- and epizone according to
Kübler (1967); closure temperature of K-Ar biotite system according to Purdy & Jäger (1976).

Using XRD patterns derived from randomly oriented samples it is possible to quantify the

relative amounts of 2M1, 1M and 1Md illite. Randomly oriented samples are achieved by using a
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side packing device as described by Moore & Reynolds (1989). A randomly oriented sample is

essential for the polytype quantification because the polytype diagnostic peaks are non-(001)

indices, and therefore absent in textured samples.

The randomness of orientation was checked by the ratio of the (002) and the (020) illite peak,

which should be low for non-oriented samples and rise with an increase in orientation. After

a technique proposed by Grathoff (1996) the concentration of the 2M1 and 1M polytype is

determined by getting the ratio of either the area or the height of polytype specific peaks with

the area of a peak which is common to both polytypes (the 2.58 Å band; Grathoff 1996). The

amount of 1Md illite is determined by assuming that the remaining illite is the 1Md polytype.

We measured a total of four fault gouge samples taken from the Nogoĺı-Rio Grande profile

(Fig 3.15). For more details on the analytical procedure the reader is referred to Löbens et al.

(2011) as well as to Chapter 2 and the Appendix (Ch. A).

Thermochronology

Combining apatite fission-track dating (AFT) with (U-Th)/He dating of zircon (ZHe) and apatite

(AHe) allows the reconstruction of low-temperature exhumation and uplift history (e.g. Hurley

1954; Armstrong 1966; Wagner & van den Haute 1992; Farley et al. 1996). According to Donelick

et al. (1999), Ketcham et al. (1999) and others the thermal sensitivity of the apatite fission-track

method, so called partial annealing zone (PAZA; Gleadow & Fitzgerald 1987), ranges between

130 ◦C and 60 ◦C. For the (U-Th)/He system of zircon and apatite this temperature interval

is referred as partial retention zone (PRZZ/A; e.g. Baldwin & Lister 1998; Wolf et al. 1998)

and ranges between 65 ◦C and 30 ◦C (PRZA) as well as between 185 ◦C and 135 ◦C (PRZZ),

respectively (e.g. Reiners & Brandon 2006).

Eight samples were collected along the San Luis profile (Fig 3.15). Due to sample conditions

and presence of suitable apatite and zircon crystals, six samples could be dated by all three

methods, whereas one sample yields no zircon for ZHe and one sample does not contain enough

apatite grains for AFT dating. Details of the analytical procedure used can be found in Löbens

et al. (2011) as well as in Chapter 2 and the Appendix (Ch. A).

3.2.4 Results

K-Ar dating

Twelve K-Ar ages for the grain size fractions of < 0.2µm, < 2µm and 2-6µm from four samples

were obtained from the Nogoĺı-Rio Grande profile (Figs. 3.15, 3.16). No exposures of the major

faults illustrated in the geological maps of the region (Figs. 3.15, 3.16) are developed. Therefore,

all samples were taken from associated small-scale faults in the middle part of the western
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hillslope (Fig. 3.16), where the best exposed fault gouges were observed. Collected samples from

small-scale faults yield well-developed clay gouges, in some locations with small grains of residual

rock material. The monomineralic grains are only a few millimeters in diameter and almost

exclusively consist of quartz. Polymineralic rock fragments were not observed within sampled

material. Gouge thicknesses vary from several millimeters up to several centimeters, but mostly

vary between 0.5-2 cm. Sampled gouges have monochrome brownish to reddish colors. K-Ar ages

range from Early Pennsylvanian to Early Jurassic (315-178 Ma). The age analysis plot of all

analysed samples is depicted in Figure 3.18 and data is listed in Table 3.6.

Figure 3.18: K-Ar
ages of all analysed
grain size fractions
and samples as well as
extrapolated ages for the
2M1 and 1Md polytypes.

Table 3.6: K-Ar ages, illite crystallinity and illite polytypism of the investigated mineral fractions.

Sample
Grain
fraction

K-Ar data Illite crystallinity Illite polytypism

K2O
[wt-%]

40Ara

[nl/g] STP

40Ara

[%]
Age
[Ma]

±2σ-error
[Ma]

air dry
[∆◦2θ]

glycolated
[∆◦2θ]

2M1, 1M, 1Md

50-09
< 0.2µm 1.26 9.60 82.58 222.0 6.0 0.226 0.316 9%, 7%, 84%
< 2µm 2.48 24.04 92.18 278.0 9.5 0.223 0.206 45%, 5%, 49%
2-6µm 4.21 46.80 92.61 315.4 7.0 0.162 0.158 79%, 5%, 15%

51-09
< 0.2µm 1.77 10.74 80.34 178.9 4.9 0.565 0.748 no polytype
< 2µm 2.70 21.02 91.47 226.5 5.0 0.425 0.496 analysis
2-6µm 3.12 30.07 97.16 276.5 6.1 0.312 0.338 performed

59-09
< 0.2µm 4.56 31.96 94.05 205.2 4.9 0.579 0.651 3%. 4%. 93%
< 2µm 4.76 36.60 94.43 223.9 5.1 0.427 0.655 7%, 5%, 88%
2-6µm 6.17 66.98 97.27 308.7 6.5 0.256 0.173 25%, 5%, 70%

60-09
< 0.2µm 2.77 16.81 86.00 179.0 4.2 0.294 0.275 20%. 4%. 76%
< 2µm 3.80 29.63 93.11 226.9 7.0 0.276 0.292 46%, 4%, 49%
2-6µm 5.30 49.55 97.70 268.8 5.5 0.195 0.218 53%, 4%, 43%

Notes: STP standard pressure and temperature conditions, a radiogenic

All samples show a time interval between fractions, ranging from 18.7 Ma up to 84.7 Ma
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(Fig. 3.18). No overlapping ages could be observed within one sample. Radiogenic 40Ar contents

range from 80.3 % to 97.7 % indicating reliable analytical conditions for all analyses. Potassium

(K2O) contents range from 1.26 % (APG 50-09, < 0.2µm) to 6.17 % (APG 59-09, 2-6µm).

XRD analyses of all samples confirm that illite, smectite and kaolinite are the major clay

mineral components in the various fractions (Fig. 3.19; Table 3.7). The presence of quartz is

restricted to the fractions < 2µm and 2-6µm, none is found in the < 0.2µm fraction. In some

samples minor traces of potassium feldspar can be found, restricted to the 2-6µm fractions.

These observations were confirmed by TEM analysis. Additionally, TEM analyses also reveal

traces of halloysite (Table 3.7).

Figure 3.19: XRD pattern derived
from randomly oriented samples with
indicated positions of 2M1 and 1M poly-
type specific peaks. Other phases are
indicated as follows: illite (ill), illite-
smectite (i-s), quartz (qtz), kaolinite
(kaol), k-feldspar (kfs), and hematite
(hem).

Glycolated XRD analyses were carried out to investigate the potential occurrence of expandable

mixed-layers of illite and smectite. Major amounts of illite/smectite were found in all fractions of

sample APG 50-09. For all other samples considerable amounts of smectite could only be found
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Table 3.7: Results of X-ray diffraction analyses from the sample material fractions.

Sample
No.

Grain-size
fraction

Mineral

Illite Chlorite Kaolinite Smectite Quartz Feldspar Others

50-09
< 0.2µm + - - ++ - - Halloysit o/-
< 2µm + - - ++ - - Halloysit o/-
2-6µm o - - + - - Halloysit o/-

51-09
< 0.2µm + - + + - -
< 2µm + - + o + -
2-6µm + - + - ++ o/-

59-09
< 0.2µm ++ - ++ o/- - -
< 2µm ++ - ++ o/- o/- -
2-6µm ++ - ++ - o/- o/-

60-09
< 0.2µm ++ - - ++ - - Halloysit o/-
< 2µm ++ - - + - - Halloysit o/-, Hematite o/-
2-6µm + - - o/- + o/- Halloysit o/-

Notes: ++ = dominant, + = abundant, o = less abundant, o/- = unclear, possibly traces, - none

in the < 0.2µm fraction. Except of sample APG 50-09 illite/smectite mixed-layers are nearly

absent in the 2-6µm fractions (Table 3.7).

The KI of all analysed samples varies from 0.155 ∆◦2θ to 0.530 ∆◦2θ (Table 3.6). The KI

values from the air-dried < 0.2µm fractions indicate that all but one developed under diagenetic

conditions. In contrast whereas the fractions of < 2µm and 2-6µm yield anchi- to epimetamorphic

values. Variations in the ∆◦2θ between the glycolated and the air-dry measurements correspond

to the presence of illite/smectite mixed-layers (Table 3.6). No systematic variation with respect

to the sample location is observed.

Illite polytypism and illite crystallinity

All samples used for the illite polytype quantification show a random orientation, expressed by a

low (002)/(020) illite ratio as well as low (004) illite intensity.

XRD tracings of random powders from all samples presented in this study contain a mixture

of illite polytypes 2M1, 1M and 1Md. The analysed illite fractions are composed mainly of the

1Md and 2M1 polytypes. The 1Md polytype is dominant in the < 0.2µm fractions throughout all

analysed samples. In the < 2µm fraction, the 1Md as well as the 2M1 polytype is observed as

dominant phase. The 2-6µm fractions are mostly made up by 2M1 illite. The 1M illite content

is subordinate (maximum of 7 %) in all size fractions and more or less constant for all analysed

grain size fractions and samples. Table 3.6 shows changes of percentage of polytypes with respect

to grain size fraction of all analysed samples. The content of different polytypes correlates with

obtained KI values, showing smaller KI-values (better crystallinity) for samples with higher 2M1

content (Table 3.6).

In TEM and SAED analyses on sample APM 59-09 it was not possible to identify 1M illite,

which might be attributed to the small TEM sample volume. However, other authors also

describe that it was hard to detect the 1M polytype proposed by XRD studies during TEM
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analysis (e.g. Peacor et al. 2002; Solum et al. 2005).

Zircon and apatite (U-Th)/He ages

The zircons yield (U-Th)/He ages between 426.38± 17.6 Ma (Middle Silurian) and 180.16± 5.36 Ma

(Early Jurassic) showing no clear correlation with elevation (Fig. 3.20). The weighted mean age

for each of the four samples varies from 347.9 Ma to 228.5 Ma (Table 3.8).

Figure 3.20: Compilation of (U-
Th)/He single grain ages and AFT
ages for all analysed samples.

Mean apatite (U-Th)/He ages along the San Luis profile range between the Middle Triassic and

the Middle Cretaceous (Table 3.8; Fig. 3.20). There is no correlation between age and elevation,

neither on the western slope nor on the eastern flank. The youngest sample is APM 49-08 at the

base of the western slope showing an age of around 105 Ma.

The apatite (U-Th)/He age of every sample, except of APM 48-08 and APM 32-08, are younger

or overlap within their 1σ-error with its corresponding AFT-age (Table 3.9; Fig. 3.20). Regarding

samples APM 48-08 and APM 32-08, almost all single grain ages show an older (U-Th)/He age

than the corresponding fission-track age and thus contradict the normal age trend of AFT>AHe

(Table 3.8; Fig. 3.20). We attribute this to observed minor inclusions in the analysed apatite

grains.

Fission-track ages

The seven analysed samples within the San Luis profile show apparent apatite fission-track ages

ranging from Early Triassic to Early Jurassic (Fig. 3.21; Table 3.9). A correlation between

age and elevation as expected for undisturbed elevation profiles (Fitzgerald et al. 2006) does

not exist, neither on the western slope nor on the eastern slope. The youngest apparent ages
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(195.6± 17.0 Ma and 192.1± 16.2 Ma) can be found in the middle part of both slopes due to

differential block faulting.

Table 3.8: Zircon and apatite (U-Th)/He data of the samples from the Nogoĺı-Rio Grande profile.

He 238U 232Th Sm

Sample
(rocktype)

vol.
[ncc]

1σ
[%]

mass
[ng]

1σ
[%]

mass
[ng]

1σ
[%]

mass
[ng]

1σ
[%]

Ft
Uncorr.
[Ma]

Corr.
[Ma]

2σ
[Ma]

Mean
±2σ [Ma]

zircon

APM 32-08
(granite)

41.20 1.6 1.527 1.8 0.906 2.4 0.183 5.5 0.694 192.7 277.6 14.2
20.93 1.6 0.582 1.8 0.247 2.4 0.036 6.1 0.770 264.4 343.3 14.2
12.42 1.6 0.547 1.8 0.192 2.4 0.032 6.1 0.679 171.0 251.8 13.4 291.6 13.9

APM 33-08
(granite)

513.37 1.6 9.687 1.8 8.884 2.4 1.855 5.3 0.872 350.2 401.6 11.8
99.32 1.6 2.175 1.8 1.084 2.4 0.280 5.9 0.771 328.6 426.4 17.6
90.94 1.6 4.444 1.8 0.739 2.4 0.070 8.1 0.726 160.8 221.7 10.5
11.79 1.6 0.431 1.8 0.241 2.4 0.023 11.1 0.633 196.8 310.8 18.5 347.9 14.6

APM 34-08
(granite)

9.65 1.6 0.383 1.8 0.235 2.4 0.021 6.7 0.633 179.3 283.0 16.8
13.99 1.6 0.347 1.8 0.460 2.4 0.027 5.9 0.630 249.1 395.3 23.6
3.27 1.7 0.231 1.9 0.007 2.8 0.001 19.7 0.602 115.4 191.7 12.4
4.46 1.7 0.266 1.8 0.023 2.5 0.010 7.7 0.607 134.7 222.0 14.2 292.8 16.7

APM 35-08
(gneiss)

53.82 1.6 2.308 1.8 0.605 2.4 0.343 5.8 0.818 178.9 218.8 7.8
26.70 1.6 1.068 1.8 0.292 2.4 0.115 6.5 0.753 191.2 253.9 11.1
69.05 1.6 2.352 1.8 1.759 2.4 0.421 5.5 0.772 202.9 262.7 10.7
29.81 1.6 1.142 1.8 0.712 2.4 0.164 6.5 0.696 185.4 266.2 13.5 253.6 10.8

APM 37-08
(mica schist)

23.23 1.6 0.823 1.8 0.359 2.4 0.024 32.3 0.718 208.2 289.9 13.9
20.58 1.6 0.832 1.8 0.285 2.4 0.026 31.4 0.757 186.4 246.4 10.6 271.1 12.3

APM 48-08
(granite)

29.47 1.6 1.229 1.8 0.487 2.4 0.109 5.2 0.713 178.7 250.6 12.2
205.52 1.6 7.045 1.8 1.868 2.4 0.372 5.5 0.835 222.9 266.9 9.0
512.12 1.6 25.276 1.8 5.105 2.4 1.210 5.2 0.877 158.0 180.2 5.4
110.01 1.6 4.842 1.8 1.055 2.4 0.480 5.1 0.805 176.2 218.9 8.2
119.68 1.6 5.978 1.8 1.517 2.4 0.475 5.4 0.856 154.3 180.2 5.7 228.6 8.1

APM 49-08
(granite)

80.28 1.6 1.890 1.8 2.560 2.4 0.127 5.1 0.812 261.0 321.5 11.5
203.86 1.6 4.418 1.8 6.572 2.4 0.289 5.1 0.832 276.7 332.6 11.1
110.45 1.6 2.508 1.8 4.243 2.4 0.195 5.1 0.839 255.4 304.6 9.9
122.27 1.6 3.146 1.8 4.156 2.4 0.162 5.2 0.831 240.6 289.6 9.7 313.1 10.5

apatite

APM 32-08
(granite)

0.26 2.1 0.003 21.2 0.014 3.7 0.244 6.1 0.852 265.8 311.9 24.1
0.32 2.1 0.014 4.1 0.021 3.3 0.195 6.1 0.784 132.3 168.7 8.1
1.53 1.7 0.014 4.1 0.127 2.5 0.250 5.9 0.864 271.7 314.6 10.6 285.6 14.2

APM 33-08
(granite)

4.70 1.7 0.234 1.8 0.012 4.0 0.507 5.1 0.843 159.3 188.9 6.3
7.97 1.7 0.401 1.8 0.069 2.5 1.129 5.6 0.838 152.8 182.2 6.1
3.78 1.7 0.169 1.9 0.023 3.2 0.562 5.2 0.805 172.0 213.8 8.1
3.16 1.7 0.169 1.8 0.017 2.9 0.237 5.5 0.884 147.9 167.3 5.0
3.55 1.7 0.214 1.8 0.010 4.3 0.584 4.8 0.876 131.6 150.2 4.6
7.17 1.7 0.317 1.8 0.022 2.8 0.670 5.4 0.896 178.6 199.4 5.7
11.52 1.6 0.482 1.8 0.044 2.6 0.648 5.4 0.890 188.5 211.8 6.1
3.14 1.7 0.165 1.8 0.030 2.7 0.356 5.4 0.843 146.6 174.0 5.8 188.7 6.0

APM 34-08
(granite)

1.65 1.8 0.080 1.9 0.003 6.0 0.326 5.7 0.898 161.5 179.9 5.3
0.23 2.1 0.007 9.7 0.019 3.4 0.972 4.7 0.831 98.6 118.5 6.1
0.11 2.8 0.006 9.0 0.002 7.0 0.019 9.8 0.876 125.8 143.5 12.2
0.61 1.9 0.044 2.1 0.005 4.7 0.096 6.6 0.855 109.2 127.7 4.5 142.4 7.0

APM 35-08
(gneiss)

0.58 1.8 0.034 2.7 0.008 4.9 0.018 5.4 0.804 134.0 166.7 7.1
0.08 2.6 0.007 8.4 0.011 2.7 0.020 3.0 0.753 73.4 97.5 7.1
0.03 3.8 0.003 20.5 0.003 2.7 0.019 3.3 0.495 66.7 134.7 22.5 133.7 12.2

APM 36-08
(migmatite)

1.74 1.7 0.084 1.9 0.004 7.5 0.663 6.4 0.871 157.5 180.7 5.7
2.90 1.7 0.147 1.8 0.004 4.5 0.408 4.5 0.812 156.5 192.7 7.1
0.98 1.8 0.051 2.1 0.003 8.7 0.281 6.3 0.799 147.7 184.8 7.4
1.77 1.7 0.080 1.9 0.003 5.2 0.393 4.5 0.859 171.9 200.1 6.5
0.56 1.9 0.029 2.3 0.002 7.0 0.293 4.6 0.891 142.7 160.2 5.2
0.51 1.8 0.030 2.3 0.003 5.0 0.198 4.7 0.862 129.9 150.7 5.2
4.79 1.7 0.208 1.8 0.013 3.0 0.775 4.6 0.926 179.8 194.1 5.1 181.8 6.0

APM 37-08
(mica
schist)

1.37 1.7 0.071 2.1 0.009 4.6 0.283 5.1 0.819 148.5 181.4 6.7
2.96 1.7 0.064 2.0 0.024 2.8 0.308 5.6 0.864 332.0 384.5 12.2
0.26 2.0 0.033 2.4 0.003 5.1 0.074 5.6 0.840 63.4 75.5 2.9
0.81 1.8 0.057 2.0 0.009 3.5 0.244 5.8 0.885 107.8 121.8 3.8
1.16 1.8 0.064 2.0 0.004 5.0 0.289 5.7 0.823 142.2 172.7 6.3 151.7 6.4

APM 48-08
(granite)

2.20 1.7 0.081 2.0 0.011 4.2 0.714 4.8 0.799 201.6 252.2 9.8
2.47 1.7 0.113 1.9 0.012 3.2 0.633 5.3 0.894 166.9 186.7 5.4
3.86 1.7 0.126 1.9 0.010 4.3 0.527 4.8 0.752 236.2 313.8 13.9
4.70 1.7 0.165 1.9 0.017 3.5 1.128 4.9 0.856 214.6 250.7 8.0
5.60 1.7 0.172 1.8 0.022 2.8 0.898 5.4 0.884 246.3 278.7 8.2
9.40 1.7 0.183 1.8 0.081 2.5 1.302 5.3 0.916 354.7 387.3 10.1
7.68 1.7 0.255 1.8 0.023 2.7 1.180 5.3 0.892 230.7 258.6 7.4 249.6 9.0

APM 49-08
(granite)

0.77 1.8 0.035 2.3 0.132 2.5 0.396 6.1 0.820 91.0 111.1 4.1
1.49 1.7 0.089 1.9 0.363 2.4 0.741 5.4 0.876 68.0 77.6 2.3
0.39 2.0 0.022 2.9 0.082 2.6 0.215 5.9 0.774 75.1 97.0 4.2
1.42 1.7 0.094 1.9 0.297 2.4 0.708 5.4 0.875 69.0 78.8 2.3
0.70 1.8 0.034 2.4 0.048 2.6 0.335 5.5 0.886 118.6 133.9 4.1
2.22 1.7 0.117 1.9 0.429 2.4 0.782 5.4 0.873 81.4 93.3 2.7
1.44 1.7 0.060 2.0 0.189 2.4 0.568 5.4 0.904 108.3 119.8 3.2 105.1 3.3

Notes: Uncorr. = uncorrected age., Ft = Ejection correction, Corr. = Ft-corrected age., and Mean ±2σ = Unweighted average age ±2σ;
further data can be found in the supplementary material (attached CD). Amount of helium is given in nano-cubic-cm in standard temperature
and pressure; amount of radioactive elements are given in nanograms; ejection correct. (Ft): correction factor for alpha-ejection according to
Farley et al. (1996) and Hourigan et al. (2005); uncertainties of helium and the radioactive element contents are given as 1 sigma, in relative
error %; uncertainty of the single grain age is given as 2 sigma in Ma and it includes both the analytical uncertainty and the estimated

uncertainty of the Ft; uncertainty of the sample average age is 2 standard error, as (SD)/(n)1/2; where SD = standard deviation of the age
replicates and n = number of age determinations. Four to six aliquots per sample were picked and analysed. If the investigated age of a single
grain deviates by more than 2σ from the mean age, the aliquot was rejected. These erroneous ages can be caused by several factors, such as
zoning of alpha-emitting elements, micro inclusions, the limit of detection, or the bias of the ejection correction (smaller grains have larger
errors).

52



3

3.2. SIERRA DE SAN LUIS

All investigated samples are characterised by distinct shortened tracks. They show an unimodal

track length distribution (Fig. 3.21), where the mean track length varies between 11.9µm and

12.9µm with standard deviations of 0.9-1.5µm (Table 3.9). The mean etch pit diameter (Dpar

values) of the seven samples are between 1.79µm and 2.09µm (Table 3.9).

Figure 3.21: Track
length distribution of
the investigated samples.
The amount of measured
confined tracks is given
by n; MTL = mean track
length. The apparent age
of each sample is shown in
italic letters.

Table 3.9: Fission-track data of the samples from the Sierra de San Luis.

Sample No.
(rocktype)

Latitude
Longitude

Elevation
[m]

n ρs Ns ρi Ni ρd Nd
P(χ2)
[%]

Age
[Ma]

±1σ
[Ma]

MTL
[µm]

SD
[µm]

N (L)
Dpar
[µm]

APM 32-08
(granite)

066◦09.999´
33◦02.669´

1811 25 15.9 1025 7.9 514 7.80 7368 42.1 246.9 23.1 12.3 1.4 50 1.79

APM 33-08
(granite)

066◦11.293´
33◦01.090´

1947 23 33.6 2051 21.4 1307 7.83 7368 58.7 195.6 17.0 12.3 0.9 50 1.85

APM 34-08
(granite)

066◦12.223´
33◦00.285´

2085 23 16.4 1167 8.6 616 7.54 7368 26.4 227.0 21.5 12.4 1.5 48 1.93

APM 36-08
(migmatite)

066◦12.833´
32◦59.231´

1702 25 22.4 1907 11.1 950 7.63 7368 11.7 245.3 22.6 12.5 1.0 50 2.05

APM 37-08
(mica schist)

066◦13.505´
32◦58.760´

1503 25 34.3 2734 20.7 1647 7.69 7368 64.5 203.0 17.3 12.3 0.9 50 2.09

APM 48-08
(granite)

066◦14.608´
32◦58.581´

1269 24 32.1 3102 20.4 1972 7.67 7368 42.0 192.1 16.2 11.9 1.3 50 1.91

APM 49-08
(granite)

066◦16.479´
32◦56.282´

981 22 19.8 1745 9.8 863 7.87 7368 28.3 251.3 22.9 12.9 1.2 50 1.84

Notes: n number of dated apatite crystals, ρs/ρi spontaneous/induced track densities (×105 tracks cm−2), Ns/Ni number
of counted spontaneous/induced tracks, ρd track density on dosimeter, Nd number of tracks counted on dosimeter, P(χ2)
probability obtaining chi-squared value (χ2) for n degree of freedom (where n is the number of crystals -1); age ± 1σ is
central age ± 1 standard error (Galbraith & Laslett 1993); ages were calculated using zeta calibration method (Hurford &
Green 1983); glass dosimeter CN-5, and zeta value of 323.2± 25.3; MTL mean track length, SD standard deviation of track
length distribution, N number of tracks measured, Dpar etch pit diameter; further data can be found in the supplementary
material (attached CD).
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3.2.5 Discussion

Brittle fault activity constrained by K-Ar ages

In this study, we used the different illite polytypes to decipher different illite forming events,

thus the time span of the deformation history. In diagenetic to very low grade sedimentary

rocks, 1Md and 1M polytypes are considered as authigenic products formed under diagenetic

to anchimetamorphic, prograde conditions during subsequent burial (e.g. Grathoff 1996). In

contrast the 2M1 illite polytype is considered as detrital component due to its restriction to

epizonal conditions.

However, at higher temperatures, even 2M1 illite could be developed in fault gouges, especially

if the onset of brittle deformation and thus fault gouge development directly follows cooling to

brittle deformation temperatures (around 300 ◦C for quartz; e.g. Passchier & Trouw 2005, and

references therein). The development of 2M1 illite polytypes in a brittle fault gouge is possible

due to cooling and its passage through epizonal conditions during retrograde metamorphism

of the host rock, contemporaneous to faulting (Fig. 3.17). Thus, in contrast to a sedimentary

environment, the 2M1 illite must not be excluded from consideration but can be considered to

record the onset of fault gouge formation.

Based on the calculated polytype compositions of the samples, we extrapolated the ’end-

member’ age of the 1Md polytype and the 2M1 polytype (hypothetically samples which consists

of 0% 2M1 illite and 100 % 2M1 illite respectively) by plotting the age of each individual grain

size fraction of a fault gouge sample against the 2M1 illite content (Fig. 3.22; Table 3.6). These

plots show a coefficient of determination (R2) always better than 0.9, confirming a clear linear

relationship between age and 2M1 polytype content. In this study, the 1Md end-member age can

be interpreted to represent the age of the youngest movement best, because the age-increasing

influence of the ”older” 2M1 polytypes is eliminated, whereas the 2M1 end-member age represents

a) the oldest generation of neoformed illite and/or b) the age of ’detrital’ muscovite, meaning

crushed muscovite from the hostrock. Contamination of mineral fine-fractions (< 2µm, < 0.2µm)

by cataclastically crushed muscovite of the host rock is very unlikely because of the very strong

mechanical resistance of this mineral. Muscovite flakes would rather rotate parallel to the faulting

plane than being grinded to extremely small particles (e.g. Wemmer 1991). If so, they could be

identified by their excellent crystallinity (ca. 0.060 ∆◦2θ).

Errors on polytype age determinations are largely dependant on the reliability of illite composi-

tional analysis. Grathoff (1996) conservatively assumes an error of 2-5 % reported for the polytype

quantification method. However, they performed polytype quantification on nearly pure illite

samples (see Grathoff 1996). In this study, one of the main problems in polytype quantification

was the abundance of kaolinite as well as substantial amounts of smectite. Especially XRD

reflections from smectite show overlap with illite polytype specific reflections. As a consequence,
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the illite content might be overestimated in case of superposition of smectite reflections on illite

peaks. Polytype quantification obtained by this study could be quantified (Table 3.10) but is

subjected by errors greater than those reported by Grathoff (1996). Thus polytype quantification

results can only be considered as rough estimations due to the abundance of interfering phases.

As a consequence, extrapolated 100 % 2M1 and 0 % 2M1 illite ages are subjected to substantial

error sources. Extrapolated ages are reported here (Table 3.6) but excluded from interpretation.

Nevertheless, polytype quantification is in very good agreement with other parameters such as

grain size age, illite crystallinity, and K-Ar age indicating consistency of the dataset. Even most

of the extrapolated polytype end-member ages (Table 3.10) are in good agreement with K-Ar

mica cooling ages (see below).

Figure 3.22: K-Ar ages
vs. % 2M1 illite content for
three analysed samples.

Sample No.
Extrapolated Age [Ma]

100 % 2M1 0 % 2M1 100 % 1Md

APG 50-09 346 212 202

APG 59-09 661 191 173

APG 60-09 372 128 119

Table 3.10: Calculated 2M1 and 1Md end-member
ages (extrapolated ages for hypothetical samples con-
sisting of 100 % and 0 % 2M1 illite and 100 % 1Md,
respectively).

Following the above stated assumptions, we interpret all illite to be neoformed, i.e. to be

fault gouge related. However, non-deformational illite formation by fluid percolation cannot be

excluded but is unlikely due to consistency of the data set. The wide age span of the dated sample

fractions documents a long lasting fault activity from 315 Ma (Early Carboniferous) to 179 Ma

(Early/Middle Jurassic), whereby the relationship of increasing K-Ar ages with increasing grain

size (Table 3.6; Fig. 3.18) is consistent with increasing content of 2M1 illite polytype, formed

in the earlier fault history under higher temperatures. However, especially the larger grain size

fraction have to be considered as mixtures of illite formed at different times during different

events and thus to show an age younger than the effective oldest illite forming event. Additionally

the youngest age documented by fault gouge dating cannot be considered as cessation of fault
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activity but has to be considered as representation of the last illite forming event and thus cooling

below illite forming temperatures (Fig. 3.17; discussion below).

If the 2M1 illite age represents onset of brittle deformation, illite ages should be always younger

than K-Ar biotite cooling ages (Fig. 3.17). Biotite ages can be interpreted to document the cooling

below ductile deformation temperatures and thus cooling before the first brittle deformation and

formation of illite containing fault gouge occurred (Fig. 3.17).

In the Nogoĺı region K-Ar biotite ages document a basement cooling to epimetamorphic

temperature conditions during the Middle Mississippian (Varela et al. 1994; Sims et al. 1998;

González 2000; Sosa et al. 2002; Steenken et al. 2004, 2008). This is further constrained by K-Ar

and Ar-Ar muscovite ages obtained from samples of several mylonitic shear zones in this region,

yielding ages between 380 Ma and 350 Ma (Sims et al. 1998; Steenken et al. 2008). These ages

are interpreted representing the last mylonitisation event caused by the Achalian Orogenic Cycle

before final cooling of the basement to brittle deformation temperatures (below 300 ◦C for quartz;

Fig. 3.17; e.g. Passchier & Trouw 2005, and references therein).

In addition the ages obtained by this study are consistent with epimetamorphic illites from

the San Luis Formation (330-290 Ma; Wemmer et al. 2011). If obtained ages around 320 Ma are

synchronous to a orogenic phase defined by Bahlburg & Breitkreuz (1991) as the Toco orogeny,

as it is supposed for the K/Ar illite fine-fraction ages from the San Luis Formation (Wemmer

et al. 2011) is unclear.

Illite generating fault gouge activity along the sampled faults is interpreted to have been ceased

between 222 Ma (APG 50-09 < 0.2µm) and 172.8 Ma (APG 59-09 100 % 1Md) as shown by the

majority of the < 0.2µm grain size fractions as well as the calculated 100 % 1Md illite fractions.

Only sample APG 60-09 shows a younger age for the 100 % 1Md fraction of 119.2 Ma. Similar

to the unusual high age of the calculated 100 % 2M1 fraction of sample APG 59-09 discussed

above, this comparatively young age might be related to an extrapolation error resulting from

the, compared to the other samples, low 1Md illite content in the < 0.2µm fraction (Table 3.6).

The youngest age documented by fault gouge dating cannot be considered as cessation of fault

activity but has to be considered as representation of the last illite forming event and thus

cooling below illite forming temperatures which lie approximately between 75-110 ◦C (Fig. 3.17;

e.g. Hamilton et al. 1992).

Cooling below the illite forming temperatures is constrained by AHe and AFT ages (Ta-

bles 3.8; 3.9). The youngest illite must overlap with the apatite fission-track ages (representing

cooling below 110 ◦C), whereas the AHe ages (representing cooling below 60 ◦C) always must

be younger than the K-Ar illite ages (Fig. 3.17). This can be observed for all analysed samples

(Tables 3.8, 3.9; Figs. 3.18, 3.20).
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Thermal modelling

Fission-track single grain ages and the confined length distribution are used together with the (U-

Th)/He ages to numerically model possible t-T paths for individual samples. Eight samples along

the profile were modelled following the approach of Ketcham (2005) using HeFTy 1.7.0 software.

Several boundary conditions were set to the thermal models: (1) The age and temperature range

of the K-Ar ages from brittle fault gouges constrains the beginning of transition from ductile to

brittle temperatures and thus below 300 ◦C due to the onset of brittle behaviour of quartz below

this temperature (e.g. van Daalen et al. 1999; Passchier & Trouw 2005, and references therein);

(2) the age of the pure 1Md illite fraction (Table 3.10) from fault gouge dating indicates cooling

below the illite forming temperatures (approx. 75-110 ◦C), so reasonable models should show

cooling below these temperature range before the youngest 1Md illite forming event; (3) the

annual mean surface temperature of 17 ◦C (Müller 1996) defines the end of the time-temperature

path. The resulting cooling models are shown in Figure 3.23.

Based on the individual cooling paths derived from HeFTy modelling (Fig. 3.23) a regional

cooling history for the entire profile was compiled and is shown in Figure 3.24. This compilation

highlights a similar cooling history for all samples within the profile by showing, within error,

similar ages for the passage of different temperature regimes for individual samples and respective

dating systems. Based on the upper temperature boundary defined by the ZHe ages cooling below

PRZZ temperatures (≈ 175 ◦C) in the whole profile started at Latest Carboniferous to Middle

Permian. An exception of this is given by samples APM 49-08 and APM 34-08, showing an initial

cooling below the PRZZ in Carboniferous times. This clear deviation from the trend shown by all

other samples gives indication for an older cooling history of these sample compared to the others.

The temperature regime for the apatite fission-track partial annealing zone (PAZA ≈ 110-90 ◦C)

is passed in Middle Permian to Early Triassic times. The lower temperature boundary of the

dataset (PRZA ≈ 65 ◦C) is reached in Late Permian to Jurassic, for some samples even Cretaceous

times (Fig. 3.24). The span of this time interval is related to very slow cooling in this time, as

evident in all individual models (Fig. 3.23), in combination to a long lasting passage through the

PRZZ , PAZA and PRZA, leading to a broad scatter of helium and fission-track ages (Fig. 3.20).

The long lasting passage through the PAZA is also suggested by the broad, unimodal, fission-track

length distribution and distinct shortened tracks (Fig. 3.21). The very slow cooling rate forms

suitable conditions for the development of planation surfaces during one or several planation

events.

Cautious calculations of cooling rates for the initially cooling phase to temperatures around

175 ◦C based on model data (as illustrated in Fig. 3.23 and Fig. 3.24) yielding rates always below

5 ◦C/Ma. For the temperature range from ca. 175 ◦C (PRZZ) to ca. 65 ◦C (PRZA) rates vary

from around 2 ◦C/Ma (APM 34-08) up to 10 ◦C/Ma. An exception from these slow to moderate

cooling rates is given by samples APM 34-08 and APM 49-08, yielding rates of 0.5 to 1.5 ◦C/Ma.

These very low cooling rates, together with the observation of an earlier cooling to temperatures
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of ca. 175 ◦C (as discussed above), strengthen the indication for a different cooling history of

samples APM 34-08 and APM 49-08 in comparison to all other samples, at least for the history

above the PAZA temperature (Fig. 3.24). Very low cooling rates of < 0.5 ◦C/Ma (mostly even

lower) are calculated for all models in the temperature range of 65 ◦C to around 30 ◦C. Final

cooling from around 30 ◦C to the present day mean surface temperature of 17 ◦C (Müller 1996)

is hard to define, because model paths are less constrained in this temperature range. However,

calculations based on modelling results give cooling rates in the range of 0.5 to 1.5 ◦C/Ma for

the cooling to surface temperatures.

Figure 3.23: Possible t-T paths for individual samples based on fission-track single grain ages and the confined
track length distribution as well as the (U-Th)/He ages of apatite and zircon; light grey paths: acceptable fit, dark
grey: good fit, black line: best fitting path. With exception of APM 35-08 all models are based on (U-Th)/He data
from zircon and apatite and apatite fission-track data. Model of APM 35-08 is only based on (U-Th)/He data.

58



3

3.2. SIERRA DE SAN LUIS

Figure 3.24: Cooling history for the San Luis profile based on individual t-T paths presented in Figure 3.23.
Horizontal error bars decipher the range of good fits and the position of the marker represent position of best fit
path (see Fig. 3.23). For a better illustration the individual samples are exhibited at slightly different temperatures.
The approximate temperature ranges of the partial retention zone for zircon (PRZZ), the partial annealing zone
for apatite (PAZA) as well as the partial retention zone for apatite (PRZA) are shown as grey bars. The high age
span of sample APM 35-08 is due to lack of Apatite fission-track data (Fig. 3.23).

Concluding, apart from the initial cooling, all models show slow cooling of less than 0.5 ◦C/Ma

since at least 200 Ma (APM 37-08) and less than 0.15 ◦C/Ma since at least 165 Ma (APM 34-08).

Although cooling to surface temperatures is methodically less constrained, it is not unlikely to

have occurred up to 80-40 Ma ago according to modelling results (Fig. 3.23).

Evolution model

Summarising the discussion above, the following regional evolution model for the Sierra de San

Luis can be proposed. The topographic imprint of the SSL as a positive morphostructural unit

started during the Late Devonian to Early Carboniferous (Fig. 3.25) as suggested by the onset of

brittle deformation in the region of present day SSL. Brittle deformation, as indicated by 100 %

2M1 illite polytype ages (345-370 Ma) followed the ductile to semi-brittle deformation associated

with the Achalian orogenic cycle, which was mainly accommodated along some major shear zones

(Rı́o Guzmán, La Arenilla). An emergence (positive relief) period after the magmatic activity

ceased and the development of a mountainous landscape (especially in the eastern part of SSL)

might have happened during this time span.

During the Carboniferous to the Early Permian a mountainous landscape developed (Fig. 3.25),

eroding the Early Carboniferous surface (indicated by PTES in Fig. 3.25). Between mountain
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ranges several intermountain basins developed of which some trapped and preserved sedimentary

record of this time period as in the outcrops of Bajo de Véliz, Agua Dorada, La Estanzuela and

Suco region (Hünicken & Pensa 1980b; Hünicken et al. 1981; Limarino & Spalletti 2006). However,

the extent and dimensions as well as a possible interconnection of these basins is unknown. In

the Bajo de Véliz area a fluvial-lacustrine environment with typical Gondwanan flora and fauna

was preserved in a fault bounded depression. At least the Bajo de Véliz region is considered

to represent the southeastern extend of the Paganzo basin (which is widely developed in NW

Argentina (e.g. Salfity & Gorustovich 1983; Limarino & Spalletti 2006). A similar situation

with a Carboniferous landscape which is carved into older rocks and covered or filled by fluvial

sediments can be found in the Chepes range (La Rioja province; pers. comment C. Carignano).

In addition to sedimentation and erosion brittle deformation lasted on within the entire region

as evidenced by K-Ar fault gouge data. Thermochronological data give no clear evidence if

exhumation of the sampled area above the PRZZ temperature took place during this time interval.

According to our data it is more likely that this happened during Permian times. Therefore

it can be concluded that a mountainous landscape prevailed by then in this region suggesting

that the main planation processes leading to the present day exposed erosion surfaces were not

yet started. Our data suggest that the Middle Permian to Jurassic epoch (Fig. 3.25) can be

considered as the main exhumation and regional planation phase affecting the sampled area,

maybe accompanied by Early Cretaceous processes. In addition data imply a strong east-west

directed differential exhumation history in the Sierra de San Luis during this time span. During

Permian times the eastern part was exposed to a surface or near-surface position and interacting

with surficial processes as evidenced by the conservation of Gondwanan sediments in the Bajo de

Véliz region, whereby the western part (sampled locations) was at least below PAZA depths and

thus still at several kilometer depth.

We interpret this differential exhumation to be caused by differential block faulting with

significant vertical component along different fault zones throughout the Sierra de San Luis. Long

lasting fault activity, as it can be traced by K-Ar fault gouge dating, from Late Carboniferous to

at least Middle Cretaceous times is evident by the K-Ar fault gouge data (Table 3.6).

Considering the differential exhumation procedure, no explicit information on the timing of this

event can be concluded from the thermochronologic dataset. However, thermochronological data

clearly document the onset of exhumation during the Permian and additionally indicate that the

depth around the PAZA were reached by the end of Permian to Early Triassic times (Fig. 3.24).

This Permian event comprises the main exhumation event concerning the overcome difference in

depth from the PRZZ to the PAZA. This difference is independent from the geothermal gradient,

the main part of the total elevation (PRZZ to surface).

Association to a regional orogenic event is not definitely clear, but obtained ages are highly

synchronous to compressional events in the region. Old K-Ar ages are synchronous to the Toco

orogeny defined by Bahlburg & Breitkreuz (1991) in the NW-Argentina and N-Chile region. The
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Permian exhumation event is synchronous with the San Rafael orogeny (e.g. Kleiman & Japas

2009) in the San Rafael region. However, until now no linkage of structural inventory in the

Sierra de San Luis and the San Rafael orogeny was made.

Figure 3.25: Exhumation model for the Sierra de San Luis. See text for details (BV = Bajo de Véliz; PTES =
Previous Topographic Eroded Surface; SSL = Sierra de San Luis; CD = Conlara Depression; CR = Comechingones
range; SCR = Sierra Chica Range; white arrows indicate area affected by uplift or subsidence). For further details
on the Sierra de Comechingones see Löbens et al. (2011).
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The final part of exhumation to surface level is less constrained by the data. Thermal models

as well as individual ages (Fig. 3.24, Tables 3.8 and 3.9) clearly indicate that exhumation above

PAZA temperatures happened in post-Permian times.

Taking into account some aspects from regional geology, the Triassic epoch is not well suited

for regional development of planation surfaces due to crustal rifting West of the SSL and the

development of fault bounded ranges and related half-graben basins. These processes have been

well documented in southwestern San Luis and Mendoza province (Criado Roque et al. 1981;

Ramos et al. 1991; Koslowski et al. 1993; Dellapé & Hegedus 1995). Evidences of these processes

are cropping out at the Sierra de Varela area, 100 km to the south of the Sierra de San Luis

(Costa et al. 1998). It is assumed that this prevailing tectonic unrest with continuous base level

fall of the fluvial system did not favour the development of planation surfaces with regional

significance. In addition a Triassic emergence of the sampled area is not evidenced by AHe ages,

which yield predominantly Jurassic and Cretaceous ages.

During Early Cretaceous rifting occurred east and west of the Sierra de San Luis. Rifting

probably started already in Late Jurassic times as indicated by 150-160 Ma and 106 Ma old Ar-Ar

ages from basalts in the Las Quijadas range, west of the Sierra de San Luis (González & Toselli

1973; Yrigoyen 1975). In addition to Triassic, it is postulated that the time span from the Late

Jurassic to Early Cretaceous is less suited for development of regional planation surfaces, also

because of the prevalence crustal tectonic activity.

It can be concluded that the final exhumation of the samples region as well as regional planation

processes took place either during the Early-Middle Jurassic and/or during the Late Cretaceous.

This idea is supported by the absence of Jurassic deposits in the Sierras Pampeanas, whereby

Jurassic basins are developed in surrounding regions (e.g. the Neuquén basin; Howell et al. 2005).

Therefore, we can assume that the region of the Sierras Pampeanas, or at least the southeastern

part was a positive region effected by erosion during that time.

AHe ages indicate that both time intervals contributed to the exhumation of the sampled area.

The uppermost samples show predominantly Jurassic ages and were probably also exhumed

to surface conditions during this time. The lowermost sample taken, representing the western

footslope area of the SSL, passed PRZA conditions in Middle Cretaceous times (AHe mean age

105 Ma; Table 3.8). But whether uplift occurred in Cretaceous times cannot be concluded from

our data. During the Cretaceous several basalts were emplaced in the higher altitudes of the

current range (Fig. 3.25). Remnants of these basalts yielded ages of around 84 Ma (Pampa de La

Invernada basalts; Solá 1979). If these basalts were emplaced atop of the erosional surface, the

emergence and formation of the erosional surface can be bracketed to be older than 84 Ma. This

age is in contrast with AHe single grain ages of the lowermost sample from the western footslope

(APM 49-08), which show a minimum age for the passage through PRZA of 72 Ma (Table 3.8),

coinciding with a depth of about 2.4 km (geothermal gradient 25 ◦C/km). This favors the idea of

a diachronic development of the erosional surfaces in this part of the SSL, with an older surface
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atop the range (> 84 Ma) and a younger erosional surface (< 72 Ma) in the footslope area of

the westernmost SSL. However, the effusive character of the dated basalts is unclear, because

no robust field evidence for effusion above erosional surface exists. Basaltic remnants might

also correspond to a sill or dyke, which is in no relationship with the erosional surface and thus

cannot be used as a marker for emergence without doubt.

The geomorphologic situation in the Comechingones range (Fig. 3.25) is also enigmatic and

still a matter of ongoing debate (e.g. Löbens et al. 2011). Especially whether the region represents

a positive morphostructural unit, acted as sedimentary source for Cretaceous basins to the east

or, in contrast, was affected by subsidence and Cretaceous sedimentation itself. Findings of

large blocks composed by red conglomerates along some creeks (Morla, pers. comm.) favour

to consider the existence of a sedimentary cover overlying the present Comechingones range.

Similar findings are documented in the nearby Sierra Chica de Córdoba (Gordillo & Lencinas

1979; Bonalumi et al. 2005).

Cenozoic events (Fig. 3.25) are not evident in the presented data. Thus any Tertiary con-

tribution to exhumation of the Sierra de San Luis can be concluded to be of minor extent

when considering that the minimum total exhumation along a profile through the Sierra de

San Luis equals the topographic difference between topmost and lowermost parts. This value

must be smaller than the depth to the paleo-PRZA (2.4 km for a gradient of 25 ◦C/km). If the

total exhumation since the record of the youngest age (Cretaceous) exceeds the difference in

topographic elevation between topmost and lowermost sample, the samples from the footlsope

area of the Sierra de San Luis would yield younger, recessed ages. Addtitionally, this would be

represented by a break in slope in the age-elevation plot (e.g. Gleadow & Fitzgerald 1987).

The evaluation of any exhumation postdating the youngest AHe ages depends on the interpre-

tation of the 84 Ma basalts. If the basalts represent surficial lava flows above a paleolandsurface,

exhumation was already finished by this time. In this case final exhumation of the present day

top regions of the Sierra de San Luis to the surface has happened between the Jurassic and Upper

Cretaceous. If, in contrast, the basalts represent dykes with no relationship to a paleosurface, no

further constraints on the final exhumation can be made. Anyway, even in the latter case the

characteristic volcanic texture of the basalts can give a hint for a persisting exhumation between

the passage of the samples through the PRZA and the implacement of the basalts. Considering

an AHe age for the region of the Pampa de La Invernada in between the age of nearest samples

APM 33-08 (188 Ma) and 34-08 (142 Ma), the age of the basalts of 84 Ma, a maximum depth

for the development of volcanic texture of around 1-1.5 km, as well as a depth of the PRZA of

2.4 km (based on a hypothetical geothermal gradient of 25 ◦C/km), exhumation would be around

1 km between PRZA-passage and basalt implacemnt around 60 Ma later.

Even though we cannot solve the final, post-Cretaceous exhumation and uplift history (Fig. 3.25)

with our data, there is no doubt that range uplift occurred after the Paleocene due to Andean

shortening, giving an imprint to the present day landscape (Costa 1992; Ramos et al. 2002).
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Piedmont landform association as well as morphotectonic parameters suggest that the Sierra

de San Luis is currently characterised by moderate to low Quaternary uplift rates (< 0.1 mm/a,

according to Costa 1992). However, a significant change in the regional base level fall occurred

since the last 6-4 Ma to present times. This is suggested by the behavior of long-term neotectonic

indicators and by the occurrence of Quaternary-active faulting on the main range bounding fault

(Costa 1992, 1999; Costa et al. 2001b).

Regional constraints

Comparison of K-Ar ages

K-Ar illite ages from fault gouges in the Sierra de Comechingones show ages in the range of

approximately 340 Ma to 170 Ma (Löbens et al. 2011). In comparison, oldest fault gouge ages in

the Sierra de San Luis are about 25 Ma younger (315-170 Ma; Table 3.6). Thus, onset of brittle

deformation started slightly earlier in the Merlo area (Sierra de Comechingones) than in the

Nogoĺı region (Sierra de San Luis), although the youngest illite ages, interpreted to document

cooling below illite formation temperatures (110-75 ◦C; e.g. Hamilton et al. 1992), are similar for

both investigated transects.

Comparison of (U-Th)/He and AFT thermochronological data

Single grain ages as well as modelled cooling paths show different cooling histories for the Nogoĺı

region (Sierra de San Luis) and the Yacanto area (Sierra de Comechingones; Löbens et al. 2011).

On basis of ZHe data we conclude that cooling started earlier in the Sierra de San Luis than in

the Sierra de Comechingones. During time cooling of both ranges subsequently became more

synchronous, as shown by overlapping AFT, K-Ar illite, and AHe ages. AHe ages also indicate

that final cooling below PRZA temperatures commenced earlier in the Nogoĺı area.

Additional thermochronological data from the Sierra de Aconquija (Sobel & Strecker 2003)

in combination with preliminary data from the Sierra de Pie de Palo, the Sierra de Pocho,

and the Sierra de Aconquija (Löbens et al. submitted b; Bense et al. submitted b; Löbens

et al. submitted a, respectively) document that the evolution of the Pampean ranges cannot be

condensed in a chronological and structural uniform evolution, caused by a single event. Instead,

a heterogeneous evolution must be considered, caused and affected by multiple events, resulting

in distinct variations in cooling and exhumation history from north to south and east to west.

3.2.6 Conclusions

Based on the K-Ar illite fine-fraction ages and low-temperature thermochronological data

presented in this study, as well as on regional geologic evidence we conclude:
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Exhumation of the studied section of the Sierra de San Luis started during Permian times

and is synchronous with an Orogenic phase called San Rafael orogeny further south. A direct

link between this orogenic phase and the structural evolution of the Sierra de San Luis has not

yet been developed. The coeval timing and the relative proximity of the proposed key area of

San Rafael orogeny (San Rafael Massif, Mendoza province) should ponder the idea of further

studies to evaluate possible influences of this compressive phase for the San Luis region. In a

more general framework, these exhumation processes might also record the tectonic imprint in

this part of Western Gondwana of the first episode of flat-slab subduction proposed at these

latitudes (see Ramos & Folguera 2009).

These results point out that the lithologies, which are currently exposed at the eastern and

western parts of the Sierra de San Luis and were affected by regional Mesozoic planation processes,

have followed different exhumation paths. The eastern part was already exposed at surface and

constituted the substratum of the Bajo de Véliz basin during Late Carboniferous-Permian times,

whereas the rocks of the here analysed cross section were still beyond the PAZA by then.

The main exhumation phase was between Middle Permian and Jurassic times and is charac-

terised by a strong differential exhumation with low exhumation values in the east and high values

in the west. The differential exhumation is interpreted to be caused by differential block faulting.

The period between the Jurassic and the Cretaceous is characterised by further exhumation

but also considered to be the time period where most of the remaining erosion surfaces were

developed. However, erosional processes also have evolved previously.

The development of a distinct mountainous landscape in the Sierra de San Luis region probably

started during Late Devonian to Early Carboniferous times. During the Carboniferous to Early

Permian such positive relief was subject to erosion and development of intermountain basins as

evidenced by relictic Gondwanan deposits (e.g. Bajo de Véliz area). Planation processes giving

rise to erosion surfaces are not ruled out, but it is understood that their regional significance was

achieved during Mesozoic times.

Cooling below 175 ◦C started differentially in the studied transects of the Sierra de San Luis and

the Sierras de Comechingones but became more synchronous during time. There are arguments

that final cooling to surface temperatures in the studied section of the Sierra de San Luis started

significantly earlier than in the Sierra de Comechingones.

Cooling rates vary from slow to intermediate during time. Highest rates are observed during

the Permian and Triassic periods (2-10 ◦C/Ma). Post Triassic cooling yield smaller values with

cooling rates of 0.5-1.5 ◦C/Ma.

Data on the regional high temperature cooling history indicate a cooling propagating from

the west to east. Our data shows that this trend is reversed during further cooling (T< 180 ◦C),

with cooling propagation from the east to the west. As consequence the Bajo de Véliz region

(east) cooled before the Nogoĺı region (west).

65



3

3.2. SIERRA DE SAN LUIS

Cenozoic shortening and flattening of the subduction angle of the Nazca Plate due to collision

of the Juan Fernández Ridge in the Miocene might have contributed to the exhumation of the

Sierra de San Luis. However, no Cenozoic event is evident in the presented data. Even if we

cannot solve the post Cretaceous uplift and exhumation story in all detail with our data, there is

no doubt that shortening and range uplift took place after Paleocene due to Andean shortening

which gives rise to neotectonic movement and uplift in the Sierras Pampeanas.

K-Ar illit fine-fraction dating on fault gouges revealed a long lasting brittle faulting history for

the Sierra de San Luis. Brittle deformation started during Carboniferous times in compliance

with ages of the regional cooling after the Achalian orogenic cycle. The youngest illite ages (ca.

130 Ma) represent the cooling below illite forming temperature instead of the cessation of brittle

deformation. This is in good agreement with the thermochronological data presented here.

The oldest K-Ar ages are synchronous to an orogenic event defined as the Toco Orogeny. If

these ages are in any connection to this event, as it is suggested for similar K-Ar fine-fraction

ages from the San Luis Formation, is not yet clarified.

As the Sierras de Comechingones, the Sierra de San Luis also documents a long lasting brittle

deformation period. The onset of brittle deformation in the Sierra de San Luis started during the

Carboniferous and is around 25 Ma younger than the onset of brittle deformation in the Sierra

de Comechingones.

For the interpretation of K-Ar ages from fault gouge samples we developed an interpretation

scheme based on a number of constraints for cross-evaluating the data derived from K-Ar illite

fine-fraction dating, illite polytype quantification and polytype age extrapolation with data

derived from independent dating methods such as of K-Ar biotite, apatite fission-track as well as

(U-Th)/He on apatite and zircon (Fig. 3.17). The developed schema combines and highlights

concordant regional datasets derived from different data sources and eases the combination of all

observations in a consistent evolution model.
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Western Sierras Pampeanas

In order to develop an evolutionary model constrained by thermochronological methods for the

whole Sierras Pampeanas, it is also necessary to investigate the Western Sierras Pampeanas

(Fig. 1.2). In this area thermochronological data constraining the cooling history below ap-

proximately 200 ◦C are scarce, except of the Sierra Valle Fértil, where Coughlin et al. (1998)

determined apatite fission-track ages. Additionally, integrated cooling models based on zircon

and apatite (U-Th)/He ages as well as on apatite fission-track data, are completely absent for

the Western Sierras Pampeanas up to the present. Therefore, samples from the Sierra de Pie de

Palo (Figs. 1.2, 4.1) were investigated and the related results and interpretations are discussed in

this Chapter. Further, since the development of this range is, due to its unusual morphology,

being dome-shaped, compared to the other mountain ranges within the Sierras Pampeanas,

controversially discussed so far (e.g. Ramos et al. 2002; Vita Finzi 2009), these new data and the

related thermal models enable to shed some more light on the structural evolution of the Sierra

de Pie de Palo.

Figure 4.1: Picture of the Sierra de Pie de Palo within the Western Sierras Pampeanas.
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4.1 Introduction

Most recent geochronological studies of the western margin of the Sierras Pampeanas in western

Argentina are concerned to terrane-related accretional history at the southwestern proto-Andean

margin of Gondwana and the accompanying metamorphic evolution during the Paleozoic (e.g.

Varela & Dalla Salda 1992; Pankhurst & Rapela 1998; Ramos et al. 1998; Casquet et al. 2001;

Vujovich et al. 2004; Mulcahy et al. 2007; Rapela et al. 2007; Morata et al. 2010; Varela et al.

2011). One of these terranes is represented by the Cuyania Terrane which is bounded by the

Pampean Terrane to the east, the Chilenia Terrane in the west and the Famatinia Terrane to

the north (Fig. 4.2; e.g. Ramos & Vujovich 2000; Ramos et al. 2002). The origin and accretion

of the Cuyania Terrane, which comprises the Western Sierras Pampeans (sensu Caminos 1979)

including the Sierra de Pie de Palo, during the Ordovician is still controversially discussed in the

literature (e.g. Ramos 1988; Aceñolanza & Toselli 1988; Ramos et al. 1998; Thomas & Astini 2003;

Finney et al. 2003; Ramos 2004; Mulcahy et al. 2007; van Staal et al. 2011; Meira et al. 2012).

On one hand, most authors agree that the exotic Cuyania, or Precordillera Terrane represents

an allochthonous continental block derived from Laurentia and accreted to the southwestern

proto-Andean margin of Gondwana during the Famatinian orogenic cycle in Middle Ordovician

(e.g. Ramos 1988; Ramos et al. 1998; Thomas & Astini 2003; Ramos 2004) or Silurian/Devonian

times (e.g. Pankhurst & Rapela 1998; Keller et al. 1998; Rapela et al. 1998). On the other hand,

the Cuyania Terrane is considered to be of parautochthonous Gondwanan origin displaced along

a strike-slip fault at the southern margin of West Gondwana (present situation; e.g. Aceñolanza

& Toselli 1988; Baldis et al. 1989; Finney et al. 2003).

The Cenozoic evolution of the most western basement uplifts of the Sierras Pampeanas, which is

mainly associated with the Andean deformation (e.g. Ramos et al. 2002), was usually investigated

using geophysical, structural, and lithological approaches (e.g. Jordan & Allmendinger 1986;

Regnier et al. 1992; Ramos & Vujovich 2000). However, low-temperature thermochronological

data, i.e. fission-track and (U-Th)/He dating of apatite, providing constraints on amount of

cooling/erosion related to mountain building, crustal deformation, extensional tectonics as well

as landscape evolution (e.g. Gallagher et al. 1998; Stockli et al. 2000; Farley 2002; Fitzgerald

et al. 2006) are still scarce within this region. Coughlin et al. (1998) reported apatite fission-track

measurements for the Sierra de Valle Fértil, Sierra de La Maz, and Sierra Umango suggesting

that deformation in the Sierras Pampeanas could be associated with uplift of the Puna Plateau

during the Oligocene to Miocene and final flat-slab subduction-related exhumation (e.g. Jordan

et al. 1983; Yáñez et al. 2001; Ramos et al. 2002) of the Pampean ranges commenced in

Miocene-Pliocene times.

The aim of this study is to investigate the Cenozoic cooling exhumation and uplift (sensu

England & Molnar 1990) history of the Sierra de Pie de Palo and its relationship to the Andean

deformation within the Western Sierras Pampeanas using geochronological methods. Therefore,

we conducted apatite fission-track measurements as well as (U-Th)/He analysis of zircon and
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apatite of samples from the Sierra de Pie de Palo followed by thermal modelling to get complete

cooling paths from below approximately 200 ◦C to surface temperature.

Figure 4.2: Overview of
the study area. a) SRTM-
3 digital elevation model
showing morphostructural
features in the western
part of the Argentine
Sierras Pampeanas includ-
ing the Sierra de Pie
de Palo and the locali-
ties of samples. White
dashed lines mark the
boundary between differ-
ent terranes (the Pampia
and Chilenia Terranes are
not shown) accreted dur-
ing the Paleozoic (from
Ramos 2004); grey dashed
line defines the boundary
between the Precordillera
and the Western Sierras
Pampeans (from Giambi-
agi & Martinez 2008).
The schematic inset in up-
per right shows the study
area on the South Ameri-
can continent. b) Simpli-
fied geological map of the
Sierra de Pie de Palo ac-
cording to the 1:250,000
geological maps of Ramos
& Vujovich (2000) and
Varela et al. (2011); gnei.
= gneiss, schi. = schist.
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4.2 Geologic setting

The Sierra de Pie de Palo located between 67◦30’-68◦30’ W and 31◦00’-32◦00’ S is one of the

westernmost ranges of the Argentine Sierras Pampeanas (Fig. 4.2). It represents a NNE trending

elongated dome with an area of approximately 2400 km2 and elevations of more than 3000 m.

This fault bounded basement anticline(Perez & Mart́ınez 1990) is part of the Western Sierras

Pampeanas (sensu Caminos 1979; Pankhurst & Rapela 1998) constituting the central part of a

N-S trending belt, the Cuyania Terrane (Sato et al. 2000), which accreted along a major suture

west of the Valle Fértil (e.g. Ramos et al. 2002) to the southwestern proto-Andean margin of

Gondwana during the Late Paleozoic (e.g. Ramos 1988; Pankhurst & Rapela 1998; Keller et al.

1998; Ramos et al. 1998; Rapela et al. 1998; Thomas & Astini 2003; Ramos 2004). Sato et al.

(2000), Ramos (2004), Sato et al. (2004), and others describe further morphological features

farther to the north and south within this belt, i.e. the Sierra Toro Negro, Sierra Umango,

Sierra Maz, and Sierra Espinal as well as the San Rafael and Las Matras blocks, respectively.

These mountain ranges are mainly composed of Mesoproterozoic to Early Paleozoic rocks, which

are considered being the basement of the Cuyania Terrane (Astini et al. 1995; Sato et al. 2000;

Casquet et al. 2001; Sato et al. 2004).

Within the Sierra de Pie de Palo the basement is characterised by a nappe structure (e.g.

Bollinger & Langer 1988; Vujovich et al. 2004; Meira et al. 2012), which is related to an E-W

compression and an orthogonal collision during the Famatinian orogenic cycle (e.g. Le Corre

& Rossello 1994; Martino 2003; Simpson et al. 2003; van Staal et al. 2011). Additionally, this

deformation-regime caused a top-to-the-west vergence expressed in the basement units and by

the Early Paleozoic N-S trending thrust systems, e.g. the Las Pirquitas Thrust, controlling the

contact between the different metamorphic sequences within the mountain range (Fig. 4.2b; Dalla

Salda & Varela 1984; Ramos et al. 1998; Ramos & Vujovich 2000). These units are represented

by i) the Neoproterozoic to Cambrian Caucete Group (e.g. Ramos et al. 1996; Casquet et al.

2001; Naipauer et al. 2010), consisting of metasedimentary sequences, i.e. low- to medium-grade

quartzite and marble (e.g. Vujovich 2003; Naipauer et al. 2010), which is assumed to be an

equivalent of the Cambrian platform sequence of the Precordillera (Vujovich & Kay 1998; Ramos

et al. 1998; Galindo et al. 2004; Naipauer et al. 2010); ii) the Mesoproterozoic Pie de Palo

Complex (e.g. Dalla Salda & Varela 1984; Vujovich & Kay 1998; Ramos et al. 1998; Ramos &

Vujovich 2000), juxtaposed with the Caucete Group along the Las Pirquitas Thrust (Ramos

et al. 1996), consists of ultramafic to mafic rocks and amphibolites in the area between the

Las Pirquitas Thrust and the Duraznos Shear Zone (Fig. 4.2b), intermediate orthogneisses and

qtz-fsp-ms-ep schists east of the Duraznos Shear Zone (Fig. 4.2b), and orthogneisses as well as

shists in the eastern area of the Sierra de Pie de Palo (Fig. 4.2b; e.g. Ramos et al. 1998; Ramos &

Vujovich 2000; Varela et al. 2011); iii) the Difunta Correa Metasedimentary Sequence (Fig. 4.2b;

Baldo et al. 1998), mainly composed of Ca-pelitic shists, quartzites, marbles, and less abundant

amphibolites (Baldo et al. 1998), is considered being the Neoproterozoic sedimentary cover of
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the Pie de Palo Complex (Galindo et al. 2004); and iv) the Neoproterozoic Quebrada Derecha

Orthogneiss described in detail by Baldo et al. (2006).

Accretion and deformation in the Early Paleozoic was followed by orogenic collapse during the

Late Paleozoic (Mpodozis & Ramos 1989) leading to extensional reactivation of the former major

sutures and the formation of the Paganzo Basin (e.g. Ramos et al. 2002). Main depocentres

of this basin are associated and controlled by the crustal discontinuities inherited from the

Early Paleozoic deformation (Fernandez Sevesco et al. 1993; Ramos et al. 2002). One of these

depocentres is west of the Valle Fértil Fault containing Carboniferous deposits separating the

Sierra de Pie de Palo from the mountain ranges further to the east (Regnier et al. 1992; Ramos

et al. 2002). Sedimentary successions deposited on these Carboniferous sediments are mainly

related to Mesozoic rifting and Andean compression in the Cenozoic (e.g. Ramos et al. 2002).

During the latter the Mesozoic normal faults were inversely reactivated resulting in a diachronic

uplift of the Sierras Pampeanas and uplift of the Precordillera (e.g. Jordan & Allmendinger 1986;

Jordan et al. 1989). According to Ramos & Vujovich (2000) synorogenic sediments derived from

the latter covered the Sierra de Pie de Palo in the Late Pliocene.

Uplift and exhumation (England & Molnar 1990) accompanied by deformation of the Sierra

de Pie de Palo commenced at approximately 3 Ma and still continues showing an uplift rate of

1 mm/a and a shortening rate of 4 mm/a (Ramos & Vujovich 2000; Ramos et al. 2002). According

to the authors these processes are controlled by a mid-crustal basement wedge (Fig. 4.3), whereas

Vita Finzi (2009) interprets the Sierra de Pie de Palo representing a cataclastic diapir, which

is primarily uplifted and exhumed by lateral compressive forces and secondarily by density

differences.

Figure 4.3: The dominant structures of the crust beneath the Sierra de Pie de Palo is an east-vergent crustal
basement wedge (modified from Ramos et al. 2002).
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4.3 Methodology

The combination of different temperature-dependant geochronometers, e.g. (U-Th)/He of zircon

and apatite as well as apatite fission-track, is a suitable approach to reconstruct temperature-age

relationships below 200 ◦C, thus the cooling/exhumation history of a mountain range (e.g. Farley

et al. 1996). These geochronological systems are thermally sensitive for temperature intervals,

namely the partial retention zone (PRZZ/A) for the zircon and apatite (U-Th)/He system (ZHe

and AHe, respectively; e.g. Baldwin & Lister 1998; Wolf et al. 1998) and the partial annealing

zone (PAZA) for the apatite fission-track system (AFT; e.g. Gleadow & Fitzgerald 1987), rather

than being characterised by a distinct closure temperature (e.g. Reiners & Brandon 2006).

Depending on the retentivity of radiogenic helium within the zircon and apatite crystals and

the fission-tracks in the apatite crystals, these intervals range between 200-160 ◦C, 80-55 ◦C, and

120-90 ◦C for the PRZ of zircon and apatite as well as the PAZA, respectively (e.g. Laslett et al.

1987; Ketcham et al. 1999; Farley 2000; Reiners et al. 2004). In turn, the retention behaviour

of the radiogenic helium in the (U-Th)/He system and of the fission-tracks in the AFT system

is mainly controlled by grain size, crystal morphology, effective uranium content, and cooling

rate (e.g. Wolf et al. 1996; Ehlers et al. 2003; Reiners & Brandon 2006) as well as by cooling

rate and kinetic character of the apatite, which is described by the etch pit diameter (Dpar)

roughly representing an indication of the chemical composition (Donelick et al. 1999; Ketcham

et al. 1999; Reiners & Brandon 2006), respectively.

During this study, basement samples from an elevation profile in the Sierra de Pie de Palo

as well as two samples from the western margin and the southern tip of the mountain range,

respectively (Fig. 4.2a), were investigated using the AHe and ZHe method. Additionally, apatite

fission-track dating was applied on the samples from the elevation profile (Fig. 4.2a). The sample

treatment and preparation procedure are described in more detail by Löbens et al. (2011) as well

as in Chapter 2 and the Appendix (Ch. A).

4.4 Results

Zircon and apatite (U-Th)/He

Mean zircon helium ages range from 334 Ma (Carboniferous) to 252 Ma (Permian-Triassic). Three

samples were taken along the elevation profile (A5-10, AUY 59-10, AUY 57-10). In general,

the obtained ages correlate with elevation, showing youngest ages in lower elevated areas and

increasing ages towards higher altitudes (Fig. 4.4; Table 4.1). Due to an insufficient amount of

suitable zircon crystals, no age could be obtained from the topmost sample (AUY 56-10). The

samples APM 09-09 and APM 10-09, which both represent amphibolite, from the western margin

and the southern tip of the mountain range, respectively, yield ages of 287.3± 28.6 Ma (APM
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09-09) and 252.4± 17.3 Ma (APM 10-09; Fig. 4.4b; Table 4.1).

Figure 4.4: Thermochronological results of the samples from the Sierra de Pie de Palo. a) Schematic profile
across the mountain range along the investigated samples with the major structures (surface exposure of faults is
just schematic). The apparent fission-track age, the corresponding track length distribution, the mean track length
(mtl), and the number of confined tracks (n) measured for each sample are also shown. b), c) and d) Age-elevation
plot for the ZHE-, AFT- and AHe-system, respectively. Samples, which are not collected along the profile are
indicated by red squares in b) and d). Since AUY 59-10 is presumably relatively displaced to AUY 57-10 along
a normal fault, the red point in b) would be the approximated projected elevation of the former sample in an
undisturbed profile.

The unweighted average AHe ages of the five analysed samples from the Sierra de Pie de

Palo range between the Early Cretaceous and the Pliocene (Table 4.1). Samples A5-10, AUY

56-10, and AUY 59-10, situated along the elevation profile (Fig. 4.2a), show a distinct positive
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correlation between age and elevation (Fig. 4.4d). The lowest and the top most samples (A5-10

and AUY 56-10) yield ages of 46.1± 9.3 Ma and 131.3± 9.96 Ma, respectively (Table 4.1). APM

10-09, located at the southern tip of the mountain range, shows an age of 102.7± 6.5 Ma and APM

09-09 from the western margin of the range yields an age of 3.4± 1.5 Ma (Fig. 4.4d; Table 4.1).

Table 4.1: Zircon and apatite (U-Th)/He data of the samples from the Sierra de Pie de Palo.

He 238U 232Th Sm

Sample ali.
vol.
[ncc]

1σ
[%]

mass
[ng]

1σ
[%]

mass
[ng]

1σ
[%]

mass
[ng]

1σ
[%]

Ft
Unc.
[Ma]

Corr.
[Ma]

2σ
[Ma]

Mean
±2σ [Ma]

zircon

APM 09-09

z1 14879 1.6 0.59 1.8 0.21 2.4 0.01 12.4 0.69 189.9 275.9 28.8
z2 18648 1.6 0.71 1.8 0.20 2.4 0.02 11.3 0.69 200.7 290.9 30.3
z3 34307 1.6 1278 1.8 0.35 2.4 0.11 11.5 0.73 205.0 281.8 26.5
z4 16259 1.6 0.57 1.8 0.17 2.4 0.02 12.4 0.72 216.2 300.4 28.9 287.3 28.6

APM 10-09

z1 21.47 1.6 0.87 1.8 0.60 2.4 0.36 7.3 0.76 172.9 226.5 19.1
z2 98612 1.6 3066 1.8 0.24 2.4 0.06 7.5 0.86 255.6 298.5 19.1
z3 315484 1.6 10862 1.8 1825 2.4 2303 7.6 0.86 226.5 264.9 16.9
z4 264292 1.6 11226 1.8 0.58 2.4 2813 8.0 0.86 189.1 219.7 13.9 252.4 17.3

A5-10
z1 221648 1.6 7845 1.8 1841 2.4 0.21 9.8 0.84 217.5 259.7 17.5
z3 248267 1.6 7600 1.8 2321 2.4 0.13 9.9 0.83 247.0 298.0 20.6 278.8 19.1

AUY57-10 z4 12767 1.7 0.45 1.9 0.15 2.4 0.01 11.3 0.71 214.9 303.2 30.1 303.2 30.1

AUY 59-10
z5 12252 1.7 0.40 1.9 0.13 2.4 0.02 11.3 0.70 229.1 325.9 32.8
z6 13845 1.7 0.49 1.8 0.09 2.4 0.01 13.7 0.71 219.2 309.2 30.7
z7 21697 1.7 0.61 1.8 0.24 2.4 0.02 11.4 0.71 262.5 368.7 36.2 334.6 33.2

apatite

A5-10 a1 0.04 5.5 0.00 29.1 0.01 3.9 0.61 7.3 0.87 38.4 43.9 9.4
a4 0.06 5.2 0.00 20.8 0.00 5.1 0.85 7.1 0.84 40.4 48.3 9.3 46.1 9.4

APM 09-09
a1 0.00 44.5 0.00 36.2 0.01 3.3 0.01 8.9 0.84 1.1 1.3 1.2
a3 0.00 16.9 0.00 17.7 0.01 3.1 0.01 7.9 0.82 2.8 3.5 1.3
a4 0.00 13.3 0.00 30.2 0.01 3.3 0.01 8.8 0.88 4.8 5.4 2.0 3.4 1.5

APM 10-09
a3 0.22 2.1 0.02 3.6 0.02 2.8 0.12 6.4 0.89 81.0 91.0 6.9
a4 0.98 1.8 0.06 2.1 0.08 2.5 0.41 6.5 0.91 104.4 114.3 6.2 102.6 6.6

AUY 56-10
a1 0.55 2.1 0.04 2.6 0.00 6.0 0.46 9.0 0.86 112.7 130.9 10.0
a2 0.69 2.1 0.05 2.3 0.01 4.1 0.46 8.9 0.86 113.6 131.7 9.5
a3 0.53 2.3 0.04 2.5 0.00 5.9 0.33 8.9 0.86 112.4 131.4 10.3 131.3 9.9

AUY 57-10
a1

no reliable data due to insufficient He-contenta2
a3

AUY 59-10
a1 0.06 4.6 0.01 9.4 0.01 3.7 0.08 9.0 0.91 52.3 57.4 9.4
a2 0.06 4.8 0.01 11.6 0.01 3.2 0.08 8.7 0.93 55.5 59.7 10.2 58.6 9.8

Notes: ali. = aliquote, Unc. = uncorrected age., Ft = Ejection correction, Corr. = Ft-corrected age., and Mean ±2σ = Unweighted average
age ±2σ; further data can be found in the supplementary material (attached CD). Amount of helium is given in nano-cubic-cm in standard
temperature and pressure; amount of radioactive elements are given in nanograms; ejection correction (Ft): correction factor for alpha-ejection
according to Farley et al. (1996) and Hourigan et al. (2005); uncertainties of helium and the radioactive element contents are given as 1 sigma,
in relative error %; uncertainty of the single grain age is given as 2 sigma in Ma and it includes both the analytical uncertainty and the

estimated uncertainty of the Ft; uncertainty of the sample average age is 2 standard error, as (SD)/(n)1/2; where SD = standard deviation of
the age replicates and n = number of age determinations. Four to six aliquots per sample were picked and analysed. If the investigated age of
a single grain deviates by more than 2σ from the mean age, the aliquot was rejected. These erroneous ages can be caused by several factors,
such as zoning of alpha-emitting elements, micro inclusions, the limit of detection, or the bias of the ejection correction (smaller grains have
larger errors).

Apatite fission-track

Central ages of the samples from the elevation profile within the Sierra de Pie de Palo (Fig. 4.2a)

range between the Late Triassic and the Late Jurassic (Fig. 4.4; Table 4.2). There is a distinct

correlation between age and elevation (Fig. 4.4) with an age of 207.0± 20.1 Ma (AUY 56-10) and

152.3± 20.5 Ma (A5-10) at the top and the bottom of the range, respectively (Fig. 4.4a). An

exception of this trend is represented by sample AUY 57-10, which is situated at a relatively greater

elevation than AUY 59-10, but is younger (173.9± 26.7 Ma) than the latter (204.6± 23.8 Ma;

Figs. 4.4a, c; Table 4.2).

All samples are characterised by distinct shortened tracks (Fig. 4.4a). The mean track length

varies from 12.68± 1.44µm (AUY 56-10) to 13.57± 1.63µm (AUY 57-10). For samples A5-10,

AUY 56-10, and AUY 57-10 these lengths are bimodal distributed (Fig. 4.4a), but for A5-10

less distinct than for the latter two. Contrastingly, AUY 59-10 yields an unimodal track length
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distribution (Fig. 4.4a). The mean etch pit diameter of the four investigated samples ranges

between 1.88± 0.09µm and 2.24± 0.15µm (Table 4.2).

Table 4.2: Fission-track data of the samples from the Sierra de Pie de Palo.

Sample No.
(rocktype)

Longitude
Latitude

Elevation
[m]

n ρs Ns ρi Ni ρd Nd
P(χ2)
[%]

Age
[Ma]

±1σ
MTL
[µm]

s.d.
[µm]

N (L)
Dpar
[µm]

A5-10
(gneiss)

-68.143467
-31.377767 925 25 3.3 221 2.1 139 6.00 5409 100 152.3 20.5 12.9 1.5 50 1.9

AUY 56-10
(mylonite)

-67.929343
-31.311922

3133 25 13.1 872 7.6 503 7.51 5725 99.1 207.0 20.1 12.7 1.4 50 1.9

AUY 57-10
(gneiss)

-67.970493
-31.375030

2824 25 2.1 164 1.2 89 5.92 5409 100 173.9 26.7 13.6 1.6 35 2.2

AUY 59-10
(gneiss)

-67.982347
-31.387528

2177 25 3.8 390 2.1 217 7.16 5409 96.7 204.6 23.8 12.7 1.3 50 1.9

Notes: n number of dated apatite crystals, ρs/ρi spontaneous/induced track densities (×105 tracks cm−2), Ns/Ni number of counted

spontaneous/induced tracks, ρd track density on dosimeter, Nd number of tracks counted on dosimeter, P(χ2) probability obtaining chi-

squared value (χ2) for n degree of freedom (where n is the number of crystals -1); age ± 1σ is central age ± 1 standard error (Galbraith
& Laslett 1993); ages were calculated using zeta calibration method (Hurford & Green 1983); glass dosimeter CN-5, and zeta value of

323.2± 25.3 a cm−2; MTL mean track length, SD standard deviation of track length distribution, N number of tracks measured, Dpar etch pit
diameter; further data can be found in the supplementary material (attached CD).

4.5 Discussion

4.5.1 Thermal modelling

The thermal history of six samples from the Sierra de Pie de Palo was modelled using the HeFTy

software (Fig. 4.5; Ketcham 2005). The input data for the modelling were the fission-track single

grain ages, track length distribution, and Dpar data, as well as the corresponding apparent zircon

and apatite (U-Th)/He ages. If all single grain ages of a sample show unusual ages concerning

the U-Th/He system, i.e. AHe ages of AUY 57-10, which is probably related to small inclusions

or to an insufficient He content, the affected system was not considered by thermal modelling.

The starting- and end-point of the modelled time-temperature history were constrained by Ar-Ar

data of muscovite (closure temperature of approx. 400 ◦C) reported by Mulcahy et al. (2011) and

the mean annual surface temperature of 17 ◦C (Müller 1996), respectively. Further constraints

set are related to the measured ages of the different systems.

4.5.2 General structural evolution of the Sierra de Pie de Palo

The modelled time-temperature histories suggest that generally cooling below∼175 ◦C commenced

in the Late Paleozoic (Fig. 4.5). This cooling, hence exhumation is probably related to erosion

affecting the rugged relief generated during the Famatinian Orogeny, which is associated with

accretion of the Cuyania Terrane at the southwestern proto-Andean margin of Gondwana during

the Paleozoic (Fig. 4.6; e.g. Pankhurst & Rapela 1998). Potentially, further exhumation of our

samples from the PRZZ into the PAZA during Permian and Triassic times (Figs. 4.5, 4.6a ) was

caused by a Permo-Triassic compressional phase described by Ramos & Folguera (2009) among

others and the related tectonically triggered erosion (Fig. 4.6a).
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Figure 4.5: Time-temperature history derived by thermal modeling including the ranges of the effective closure
temperatures for the different dating systems, where APRZ/ZPRZ represents the partial retention zone of
apatite/zircon (called PRZA/PRZZ in the text), PAZ defines the apatite partial annealing zone, and GOF the
goodness of fit between the measured and modeled data averaged for all considered systems. The black curve
indicates the average fit, good fits are shown in dark grey, and acceptable fits in light grey. Note that the individual
average fits do not necessarily represent the overall cooling/exhumation path of the mountain range, meaning that
the general cooling path could also lie within the range of good and acceptable fits of the individual samples. The
starting constraint set (muscovite Ar-Ar closure temperature and and related age obtained by Mulcahy et al. (2011)
is also shown, but not to scale. Ord. = Ordovician, Sil. = Silurian, Dev. = Devonian, Carb. = Carboniferous,
Perm. = Permian, Tri. = Triassic, Jur. = Jurassic, Cret. = Cretaceous, Cen. = Cenozoic.

Although the inflection point for the AFT thermochronometer (Fig. 4.4c) is not well constrained

the modelled cooling paths suggest that cooling below the lower thermal boundary of the PAZA

occurred between the Late Triassic and the Jurassic (Fig. 4.5, possibly at around 170 Ma
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(Fig. 4.4c). This exhumation is presumably related to erosion controlled by extension, at least

during the Triassic (e.g. Ramos et al. 2002). Associated Triassic rifting occurred along reactivated

Paleozoic suture zones, i.e. the master fault bounding the Sierra de Valle Fértil in the west (e.g.

Ramos et al. 2002). Since the area of the Sierra de Pie de Palo was i) still characterised by a

positive topography and ii) situated on the footwall, erosion, which probably mainly occurred

towards the east, caused the cooling (Figs. 4.5, 4.6b).

Figure 4.6: Schematic sketch of the
structural evolution of the Sierra de Pie
de Palo through time (vertical exagger-
ated) based on the new thermochrono-
logical data and the modeled time-
temperature history. APRZ/ZPRZ =
partial retention zone of apatite/zircon,
PAZ = apatite partial annealing zone,
red arrows = relative mass and direction
of erosionally removed material, green
arrows = exhumation, bold black ar-
rows = tectonic regime, black and yellow
question marks = uncertainties about
sedimentary sequence/tectonic regime
and fault activity. Note that possible
advection of isotherms is not considered;
the horizontal and vertical distance be-
tween the samples is not to scale. Fur-
ther details are in the text.
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Subsequent cooling into the PRZA generally commenced during the Jurassic (Fig. 4.5). Since

the area of the Sierra de Pie de Palo was presumably still characterised by a positive relief

during that time, continuous erosion lead to exhumation of our samples to a temperature of

approximately 65 ◦C (Figs. 4.5, 4.6c). Additionally, sub-humid conditions during that time, as

described by Carignano et al. (1999), would facilitate enduring erosion. Variations of individual

cooling paths from this general trend (Fig. 4.5) are referred to the fault-related internal structure

of the mountain range.

However, final cooling below the lower temperature boundary of the PRZA, thus exhumation

towards the surface generally commenced between the Cretaceous and the Paleogene (fig. 4.5;

possibly, although not well constrained, at around 60 Ma (Fig. 4.4d). Exhumation due to erosion

within the Sierra de Pie de Palo during the time of Cretaceous rifting, which was generated by

the opening of the South Atlantic during that time (e.g. Schmidt et al. 1995), cannot completely

be excluded. But since Cretaceous deposits are generally absent in the adjacent intracontinental

basins (e.g. Zapata 1998) and this extension rather affected the eastern part of the Sierras

Pampeanas than the western part (e.g. Rossello & Mozetic 1999; Ramos et al. 2002), it is not

very likely that cooling of our samples is referred to this event. Instead, exhumation in the area

of the Sierra de Pie de Palo is presumably related to ca. E-W compression during the early stage

of the Andean deformation (Fig. 4.6d). The latter process generated movement along the right

lateral transpressional Tucumán Transfer Zone (TTZ; e.g. de Urreiztieta et al. 1996; Roy et al.

2006). Deformation was probably accommodated by the N-S trending Paleozoic discontinuities

in the area of the Sierra de Pie de Palo (Fig. 4.2, 4.4a), generating en-block uplift (see below)

accompanied by erosion in this region as well as causing uplift of the early Puna Plateau further

to the north (Fig. 4.6d; e.g. Carrapa et al. 2005; Löbens et al. submitted a).

Based on our interpretations of the obtained thermal models two different hypotheses concerning

the Cenozoic structural and thermal evolution of the Sierra de Pie de Palo can be considered:

i) a positive relief since the Paleocene, possibly since ∼60 Ma as indicated by the age-elevation

relationship (Fig. 4.4d); and ii) an area acting as accommodation space for Pliocene sediments

derived from the Precordillera before being uplifted in post-Pliocene times.

i) Since the cooling paths suggest continuous exhumation within the Sierra de Pie de Palo

at least since the Late Mesozoic to Early Cenozoic, the area already had to be characterised

by a positive relief (Fig. 4.6d). Further, the region could still be capped by a thin sedimentary

cover, from that time until today (see below). If there had been a flat topography and the area

of the recent mountain range had been entirely covered by a substantial amount of Pliocene

sediments derived from the uplifted Precordillera until 3 Ma as proposed by Ramos et al. (2002),

the time-temperature paths would indicate a re-heating or at least stagnation in cooling caused

by burial beneath these deposits rather than cooling (Fig. 4.5). Therefore, we propose that there

had to be some kind of topography in the vicinity of the Sierra de Pie de Palo before 3 Ma,

otherwise there would not have been any erosion causing cooling/exhumation of our samples
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since the Cretaceous to Paleogene, as indicated by modelled t-T-paths (Figs. 4.5, 4.6d). Further,

although our data and the related models do not illuminate the amount of uplift generated by

the Andean deformation, which is additionally characterised by the flat-slab subduction in the

Late Cenozoic, uplift presumably was less than the 3 km (present elevation) in the last 3 Ma as

suggested by Ramos et al. (2002) because of the positive relief controlling continuous exhumation

as mentioned above.

ii) Alternatively, exhumation below the PRZA was caused by erosion from the Late Cretaceous

to Late Miocene eliminating any topography and producing accommodation space in the Pie

de Palo region filled by sediments derived from the Precordillera during the Pliocene (Ramos

et al. 2002). Subsequently, continuous Andean deformation uplifts the Sierra de Pie de Palo to a

present-day peak elevation of 3 km in the last 3 Ma (Ramos et al. 2002). Therefore, exhumation

had to be more than 3 km because of the sedimentary Pliocene cover. Further, the thermal

models do not suggest re-heating (Fig. 4.5), thus thickness of these sediments could be limited

by the temperature of the PRZA. If the sedimentary thickness would cause burial re-heating

to temperatures above the lower PRZA temperature, any age reset should be visible in the

mean AHe ages. But since Tertiary deposits are up to 10 km thick in the Bermejo Basin

east of the Sierra de Pie de Palo (Zapata 1998), it is doubtful that there was no substantial

sedimentary cover atop of the range, which would have caused re-heating at least to temperatures

characteristic for the PRZA during the Cenozoic. Additionally, any sedimentation scenario

contradicts this continuous exhumation since at least the Mesozoic as indicated by the time-

temperature relationship (Fig. 4.5). Therefore, based on our data this Cenozoic evolution is

rather questionable and we favour the first hypothesis.

4.5.3 Internal structure and related exhumation

The internal structure of the Sierra de Pie de Palo is mainly controlled by Paleozoic N-S trending

thrusts, e.g. the Las Pirquitas Thrust and the Duraznos Shear Zone, and ∼E-W striking

normal faults (Figs. 4.2b, 4.4a). Since Cenozoic movement along the Paleozoic discontinuities

accompanied by erosion presumably caused en-block uplift of the mountain range commencing

at around 60 Ma (Fig. 4.6; mentioned above), the ∼E-W trending normal faults dominantly

affect local differences in the thermochronological ages, especially the apatite fission-track ages

(Fig. 4.4). Concerning this system the cross-section is disturbed by normal faulting between

samples AUY 57-10 and AUY 59-10, as suggested by the geological map of the Sierra de Pie

de Palo (Fig. 4.2b; Ramos & Vujovich 2000), resulting in an older central age of the relatively

lower sample AUY 59-10 (Fig. 4.4). Based on the AFT ages a re-projection of this sample would

result in a former elevation of AUY 59-10 being between samples AUY 56-10 and AUY 57-10,

hence between 3133 m (recent crestal elevation) and 2824 m, respectively (Fig. 4.4). But since

the apatite fission-track ages (central age and observed single grain ages) of AUY 59-10 are

similar to those of AUY 56-10, initial elevation of the former presumably was closer to 3133 m
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than to 2824 m. Further, this re-projection results in i) a better constraint of the potential

inflection point, which seems to be around 172 Ma (Fig. 4.4) and ii) in a maximal displacement

of approximately 956 m (difference between the present elevation of AUY 59-10 and 3133 m)

along the E-W trending normal fault affecting the investigated profile (Figs. 4.2b, 4.4). Since

this fault probably also generated a displacement of sample A5-10 as suggested by its trace

(Figs. 4.2b, 4.4), the latter also has to be re-projected by a maximum offset of 956 m resulting in

an initial elevation of around 1881 m. Therefore, A5-10 is still relatively lower than AUY 57-10,

thus the maximal offset is plausible. Furthermore, a time constraint of fault activity is just

suggested by the AHe data. Since there is no fault-related disturbance of the AHe ages in the

cross-section, movement along the normal fault probably occurred before 60 Ma, indicated by the

possible, but not well constrained, inflection point (Fig. 4.4d). Although there is no AHe data

of sample AUY 57-10, which would confirm this hypothesis, we propose that the significantly

younger age of AUY 59-10 compared to AUY 56-10 implies an undisturbed profile regarding this

certain fault since around 60 Ma. Otherwise, if faulting would also perturb the AHe ages within

the profile, the age of AUY 59-10 probably would have been similar to that of AUY 56-10 like in

the AFT system (Fig. 4.4).

However, although the two other basement samples lack AFT-data their cooling histories

also suggest continuous exhumation at least since the Mesozoic (Fig. 4.5). Further, exhumation

occurred earlier in the eastern part of the mountain range (Figs. 4.2, 4.5; APM 10-09) than at

the western margin (APM 09-09), where it is presumably related to Neogene movement along the

Las Pirquitas Thrust (Figs. 4.2b, 4.4a, 4.5; Table 4.1). Therefore, deformation and exhumation

probably propagated towards the west as also proposed by Coughlin et al. (1998) for at least the

Sierra Famatina. But these authors restrict westward propagation to Miocene-Pliocene times,

whereas our data suggest that deformation in the most eastern area of the Sierra de Pie de

Palo already occurred in the Late Mesozoic. Therefore, final cooling and exhumation of the

region below the lower temperature boundary of the PRZA is presumably closely related to

commencement of movement along the TTZ during the Late Mesozoic-Cenozoic induced by the

Andean deformation (e.g. de Urreiztieta et al. 1996; Roy et al. 2006).

4.5.4 Cenozoic thermal evolution and amount of exhumation in the Sierra

de Pie de Palo

Since a perturbation of the geothermal gradient by advection through volcanic activity can be

excluded in the area of the Sierra de Pie de Palo during the Early Cenozoic, an extrapolation

of 20-26 ◦C/km assumed by Sobel & Strecker (2003) and Löbens et al. (submitted a) for the

Northern Sierras Pampeanas and by Löbens et al. (2011) for the Eastern Sierras Pampeanas to

the Western Sierras Pampeanas is suitable. Based on this geothermal gradient and assuming

an effective closure temperature (TC) of around 60 ◦C for the AHe-system as well as a paleo-

surface temperature of 17 ◦C, there had to be an exhumation between 2.2 km (20 ◦C/km) and
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1.7 km (26 ◦C/km) during the Cenozoic bringing samples to the surface. Therefore, the average

exhumation rate, which is mainly controlled by erosion, would be around 0.04-0.03 mm/a since

60 Ma, when cooling below approximately 60 ◦C occurred (Fig. 4.5, 4.6d). Further, since the

adjacent Bermejo Basin is characterised by 5-10 km thick Tertiary deposits (Zapata 1998), a rock

column of up to ∼2 km above our samples, which had to be eroded since 60 Ma in order to allow

this exhumation, is plausible. Furthermore, since the top sample (AUY 56-10) is at an elevation

of 3 km today, vertical rock uplift had to be between 3.7 km and 4.2 km during the Cenozoic.

However, if the Sierra de Pie de Palo was completely covered by Pliocene deposits as proposed

by Ramos & Vujovich (2000) and Ramos et al. (2002), these sediments could not be thicker

than approximately 3 km (as mentioned above), which is equivalent to 60 ◦C for a geothermal

gradient of 20 ◦C/km, because the modelled cooling path do not indicate a re-heating/burial

in the Late Cenozoic (Fig. 4.5). Therefore, the maximum exhumation rate would be around

1 mm/a being equivalent to the surface uplift rate proposed by Ramos et al. (2002). But since

there is rather a continuous exhumation for the whole Cenozoic, as suggested by the modelled

time-temperature histories (Fig. 4.5) and as mentioned above, than an increase of the exhumation

rate in the Late Cenozoic, the hypothesis that uplift of peak level commenced in the Pliocene

is arguable. Instead, this process was presumably generated earlier, possibly also between the

Late Cretaceous and Paleocene, otherwise there could not have been continuous erosion, thus

exhumation, as suggested by the time-temperature histories (Fig. 4.5). But our data do not

illuminate the onset more precisely.

4.6 Conclusions

(1) Cooling and exhumation below ca. 175 ◦C in the Sierra de Pie de Palo is mainly controlled

by erosion affecting a rugged relief generated during the Famatinian Orogeny.

(2) Exhumation of our samples from the PRZZ into the PAZA occurred during Permian and

Triassic times and is related to erosion controlled by a Permo-Triassic compressional phase.

(3) During the Mesozoic further cooling and exhumation in the area of the Sierra de Pie de Palo

is related to erosion affecting a positive relief being occasionally controlled by an extensional

tectonic setting.

(4) Final cooling and exhumation of the Sierra de Pie de Palo commenced between the Cretaceous

and the Paleogene, possibly at around 60 Ma, being related to ∼E-W compression during

the early stage of the Andean deformation, which generated en-block uplift accompanied by

tectonically controlled erosion in that region.

(5) Westward propagation of deformation and exhumation in the Western Sierras Pampeanas,

at least in the Sierra de Pie de Palo, has probably occurred since the Late Mesozoic to
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Paleogene.

(6) Overall 3.7-4.2 km vertical rock uplift occurred in the Sierra de Pie de Palo since ∼60 Ma,

and the exhumation was between 2.2 km and 1.7 km resulting in an average exhumation rate

of 0.04-0.03 mm/a since that time.

(7) Peak level uplift of the Sierra de Pie de Palo probably also commenced at around 60 Ma in

order to allow continuous erosion since that time; thus Pliocene surface uplift, previously

assumed being around 3 km, is presumably overestimated.
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Chapter 5

Northern Sierras Pampeanas

The northern Pampean ranges (northern Sierras Pampeanas) are morphological different to the

Eastern and Western Sierras Pampeanas further in the south (Fig. 1.2). Beside the mountain

ranges show greater elevations (up to 5,000 m) than the ranges in the southeastern (e.g. the

Sierras de Córdoba and the Sierra de San Luis) and the western (e.g. the Sierra Valle Fértil and

the Sierra de Pie de Palo) parts of the Sierras Pampeanas, the intermountain basins, e.g. the

Santa Maŕıa Basin and the El Cajón-Campo del Arenal Basin, are relatively narrower than those

in the latter regions (Fig. 1.2). Further, the mountain ranges in the northern Sierras Pampeanas

seem to be characterised by different exhumation and uplift histories (e.g. Sobel & Strecker

2003; Carrapa et al. 2005; Mortimer et al. 2007) compared to the Eastern and Western Sierras

Pampeanas (Ch. 3 and 4). Therefore, elevation profiles in the Cumbres Calchaqúıes (Fig. 5.1)

and the Sierra de Aconquija have been investigated using integrated thermal modelling, based

on the zircon and apatite (U-Th)/He as well as the apatite fission-track thermochronometers, in

order to refine the evolution proposed by Sobel & Strecker (2003). The concerning results and

interpretations, which represent one of the last important jigsaw pieces needed to develop an

evolutionary cooling model for the whole Sierras Pampeanas, are discussed in this Chapter.

Figure 5.1: Picture of the Cumbres Calchaqúıes; exemplary for the investigated ranges within the northern
Sierras Pampeanas. View from the southern end of the Sierra de Aconquija (Photo by Heiko Pingel, University of
Potsdam).
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5.1 Introduction

The Sierras Pampeanas in central and northwestern Argentina (Fig. 5.2) constitute a mor-

photectonic province characterised by generally N-S trending mountain ranges separated by

intermountain basins (e.g. González Bonorino 1950; Caminos 1979; Jordan & Allmendinger

1986). Their early geodynamic evolution is related to the accretion of allochthonous and pa-

rautochthonous terranes at the southwestern protomargin of Gondwana during the Pampean

and Famatinian Orogenies in the Late Proterozoic-Early Paleozoic (e.g. Ramos 1988; Pankhurst

& Rapela 1998). After a period of extensional tectonism accompanied by the development of

several intracontinental rift basins, that are characterised by half-graben geometries in parts of

the Sierras Pampeanas during the Mesozoic (e.g. Salfity & Marquillas 1981; Uliana & Biddle

1988), the area was affected by crustal shortening in the Eocene (Benjamin et al. 1987; Noble

et al. 1990; Carrapa et al. 2011). This is related to the westward subduction of the Nazca

Plate beneath the South American Plate, resulting in a thick-skinned thrust belt (Jordan &

Allmendinger 1986). In the northern part of Argentina this initiated the uplift of the eastern

margin of the Puna Plateau (Jordan & Alonso 1987; Isacks 1988). Uplift is accompanied by

sedimentation into an unbroken/undisturbed foreland basin to the east and southeast (Jordan &

Alonso 1987; Isacks 1988; Carrapa et al. 2005; Strecker et al. 2007). Subduction of the aseismic

Juan Fernández Ridge resulted in a flattening of the subduction angle in the area of 27-33◦ S

during the Neogene (e.g. Barazangi & Isacks 1976; Pilger 1981). The flat-slab subduction led to

the exhumation and uplift of the mountain ranges within the Sierras Pampeanas along major

crustal Late Proterozoic-Early Paleozoic discontinuities, which were inverted during the Andean

deformation, especially in their northern part (e.g. Jordan et al. 1983; Yáñez et al. 2001).

Exhumation and uplift processes in compressional environments depend on the effect of erosion

(England & Molnar 1990), whereas the amount of eroded material and the erosion rate are

controlled by climate, climatic changes (e.g. Beaumont et al. 1992; Willett 1999), and lithology

(e.g. Stock & Montgomery 1999) as well as rock uplift (e.g. Whittaker & Boulton 2012). Today,

parts of the northern Sierras Pampeanas such as the Sierra de Aconquija form orographic barriers,

where the eastern side is characterised by humid conditions and the west by a more arid climate

(e.g. Bianchi & Yañez 1992; Strecker et al. 2007).

Therefore, the northern Sierras Pampeanas presents an ideal setting to qualitatively and

quantitatively investigate the tectonically and erosionally controlled exhumation and uplift

history of mountain ranges. Our approach is the application of fission-track and (U-Th)/He

thermochronology as well as K-Ar dating of mica; the resulting data is input into time-temperature

modelling software to reconstruct cooling histories (e.g. Gallagher et al. 1998; Farley 2002; Ehlers

et al. 2003).

Previous studies by Coughlin et al. (1998), Sobel & Strecker (2003), and Mortimer et al.

(2007) provide low-temperature evolutionary models for the exhumation history of the Sierra
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de Aconquija, the Cumbres Calchaqúıes, and the Sierra de Quilmes. Regional cooling below

approx. 400 ◦C of the latter is constrained by muscovite and biotite K-Ar data (Lucassen et al.

2000; Büttner et al. 2005). However, none of these studies have presented an integrated modelled

cooling history from around 400 ◦C to surface temperature so far. Therefore, we accomplished i)

K-Ar measurements of biotite and muscovite to illuminate the pre-Cretaceous regional cooling of

the latter two ranges, and ii) apatite fission-track combined with (U-Th)/He measurements of

zircon and apatite of samples from two elevation profiles in these mountain ranges as well as

iii) (U-Th)/He thermochronology of zircon and apatite from the surrounding area in order to

refine the exhumation history of the Sierra de Aconquija and the Cumbres Calchaqúıes (Sobel &

Strecker 2003) based on complete time-temperature paths.

5.2 Geologic setting

The northernmost part of the Argentine Sierras Pampeanas between 26-28◦ S and 65-67◦ W

includes the Sierra de Aconquija and Cumbres Calchaqúıes (Fig. 5.2). These two ranges are

characterised by uplifted basement blocks with peaks up to 5,000 m cutting the Pampean pampas

(e.g. González Bonorino 1950; Allmendinger et al. 1983; Jordan et al. 1983; Costa 1999; Ramos

1999). Both ranges are thrust east- and westward over the adjacent Tucumán Basin and the

Santa Maŕıa Basin, respectively; the southern end of Cumbres Calchaqúıes was also thrust over

the Sierra de Aconquija along the northwest striking Amaicha Lineament, which separates the

two ranges (Fig. 5.2b; Allmendinger et al. 1983; de Urreiztieta et al. 1996). The basement of

the Sierra de Aconquija and Cumbres Calchaqúıes mainly consists of Precambrian metamorphic

rocks, i.e. quartzphyllites, biotite-muscovite schists and garnet-mica schists, which were intruded

by Early Paleozoic granitic apophyses of the Aconquija Batholith (González Bonorino 1950; Ruiz

Huidobro 1972; Cristallini et al. 2004).

The Santa Bárbara system, including the Sierra de Medina, the Sierra de San Javier, and the

Sierra de Ramada, is located north and east of the Sierra de Aconquija and Cumbres Calchaqúıes

(Fig. 5.2a). These ranges were generated by thrusting of Cretaceous syn-rift deposits over Neogene

sediments as a result of tectonic inversion of Cretaceous normal faults (e.g. Ramos 1999; Kley &

Monaldi 2002; Abascal 2005; Kley et al. 2005).

To the west, the Sierra de Aconquija and Cumbres Calchaqúıes are bounded by the Santa

Maŕıa Basin, an intramountain basin between these ranges and the Sierra de Quilmes. The

basement of the latter range is mainly composed of migmatites and high-grade metamorphic

gneiss grading into medium- to very low-grade metasediments of the Fambalasto Formation

and is intruded by numerous pegmatite dikes (e.g. Turner 1973; Cristallini et al. 2004; Büttner

et al. 2005). Based on K/Ar data, Linares & González (1990) proposed a minimum age of

580± 20 Ma for metamorphism affecting the basement of the Sierra de Quilmes. Büttner et al.

(2005) suggest that peak metamorphism occurred at around 470 Ma, based on U-Pb ages of
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monazite and titanite. Retrograde deformation ceased between 442± 9 Ma (Lucassen et al. 2000)

and approximately 410 Ma (Büttner et al. 2005), constrained by Sm-Nd mineral isochrones of a

mylonitic gneiss from the northeastern part of the Sierra de Quilmes as well as by K-Ar and

40Ar-39Ar ages of pegmatitic muscovite.

Figure 5.2: Overview of the study area. a) SRTM-3 elevation model of the Northern Sierras Pampeanas including
sample locations. The two white rectangles mark the main profiles in the Cumbres Calchaqúıes and the Sierra de
Aconquija. Sample locations from other publications which were used for comparison and interpretation are also
shown; sources are listed in the inset on the left. The schematic inset in the upper right shows the location of the
study area in South America. b) Simplified geological map of the study area based on the geological maps of the
provinces Catamarca, Tucumán, and Salta (González et al. 1994; Mart́ınez 1995; Salfity & Monaldi 1998), where
Cz = Cenozoic, Mz = Mesozoic, Pz = Paleozoic, and PreC = Pre Cambrian. Scale, north direction, and sample
code are the same as in a).
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Further exhumation, leading to the formation of the basement surface in the northern part

of the Sierra de Quilmes as well as of the Sierra de Aconquija and the Cumbres Calchaqúıes,

is indicated by apatite fission-track data (Sobel & Strecker 2003; Mortimer et al. 2007). These

authors propose that cooling below the effective closure temperature of the apatite fission-track

system commenced during the Late Cretaceous, probably associated with denudation of uplifted

rift shoulder areas of the Salta Rift. Subsequently, the Sierra de Aconquija and the Cumbres

Clachaqúıes were re-heated during the Middle Miocene due to subsidence and deposition of

1000-1600 m of sedimentary cover in the Santa Maŕıa Basin, whereas the basement of the Sierra

de Quilmes was buried beneath sediments deposited in the El Cajón-Campo del Arenal Basin.

There are differences in the timing and style of subsequent exhumation and uplift of the

Sierra de Aconquija and the Cumbres Calchaqúıes compared to the Sierra de Quilmes. The

former two are bounded by high angle active reverse faults on both sides, thus being uplifted

by an active double-wedge thrusting, that led to the development of pop-up structures at the

Sierra de Aconquija (Fig. 5.3; Mon & Drozdzewski 1999; Sobel & Strecker 2003; Cristallini et al.

2004). Uplift of the two ranges along these structurally inverted faults, which are considered

to represent reactivated major crustal discontinuities as well as to be controlled by Paleozoic

basement fabrics (e.g. Cristallini et al. 2004), commenced in the late Miocene-Pliocene during

the latest stage of the Andean orogeny. This led to thrusting of basement and a thin cover

over Cenozoic sedimentary layers as well as deposition of Neogene sediments in the adjacent

Santa Maŕıa and Campo del Arenal intramontane basins (Fig. 5.2b; Strecker et al. 1989; Mon &

Drozdzewski 1999; Sobel & Strecker 2003; Cristallini et al. 2004). Thermal models of apatite

fission-track data and stratigraphic data suggest that exhumation and uplift of the Sierra de

Aconquija and Cumbres Calchaqúıes commenced around 6 Ma (Sobel & Strecker 2003).

Rather than being uplifted along a main bounding reverse fault, the Sierra de Quilmes

represents a southward-plunging basement anticline characterised by a complicated uplift along

several reverse faults within this range and along its southeastern margin (Strecker 1987; Strecker

et al. 1989; Cristallini et al. 2004; Mortimer et al. 2007). Separating the El Cajón-Campo del

Arenal Basin from the Santa Maŕıa Basin (Fig. 5.2), the Sierra de Quilmes constitutes an out of

sequence basement uplift which fragments a previously undisturbed foreland basin (Mortimer

et al. 2007). Based on low temperature thermochronological data and sedimentary record within

the El Cajón-Campo del Arenal Basin, these authors propose that uplift and exhumation of

the Sierra de Quilmes commenced before 7-6 Ma. Furthermore, geometrical, sedimentological,

and structural features of the El Cajón-Campo del Arenal Basin indicate that the range was

diachronously uplifted and exhumed along its strike, beginning in the northern part (Butz et al.

1995; Mortimer et al. 2007). Onset of the uplift and exhumation process is also implied by

exhumation of a transitional range north of the Sierra de Quilmes, starting between 12 Ma and

7 Ma (Butz et al. 1995; Deeken et al. 2006; Mortimer et al. 2007). Finally, Mortimer et al. (2007)

discuss two mechanisms for the uplift of the Sierra de Quilmes: i) the effect of a double load and

ii) a slowing of uplift caused by a decreased erosion rate as suggested by Sobel & Strecker (2003).
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Due to the geographical position of the Sierra de Quilmes, the onset of uplift of its southern part,

which probably occurred contemporaneous with or shortly after that of the Sierra de Aconquija,

and the sedimentary record, the former explanation is more plausible (Mortimer et al. 2007).

According to these authors, an inverse reactivation of the western main bounding fault of the

Sierra de Aconquija resulted in the uplift of the range, preventing an eastward propagation of

deformation and led to a significant sediment flux into the Santa Maŕıa Basin from the east (e.g.

Bossi 1992; Sobel & Strecker 2003), while sedimentation at the western margin of the basin,

e.g. from the Sierra Chango Real, persisted. This double load as well as continued shortening

produced flexure and triggered the uplift of the Sierra de Quilmes.

Figure 5.3: Schematic profile showing characteristic structures within the Northern Sierras Pampeanas. a)
Double-wedge thrusting in the Cumbres Calchaqúıes modified from González (2000) and b) pop-up structures in
the Sierra de Aconquija drawn after Cristallini et al. (2004); however, as shown in this work, at least the fault
marked in red is not a correct representation of the active structures on the eastern flank of the range.

The El Cajón-Campo del Arenal Basin and the Santa Maŕıa Basin (Fig. 5.2b) generally lack

pre-Tertiary deposits; sediments coarsen upward (e.g. Grier et al. 1991; Bossi 1992; Sobel &

Strecker 2003; Mortimer et al. 2007). The former basin is comprised of three formations: the

Peñas Azules Formation, the Playa del Zorro Formation, and the Tortoral Formation, overlying

the metamorphic basement (e.g. Bossi 1992; Bossi et al. 2000). Together, the Peñas Azules
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Formation and the Playa del Zorro Formation constitute 1200 m of Tertiary clastic sediments,

which were deposited in alluvial fans and floodplains (e.g. Bossi 1992; Mortimer et al. 2007).

Deposition of the Peñas Azules Formation is associated with thrusting along the Chango Real fault

during the Miocene (Bossi 1992). Based on apatite fission-track data and a zircon fission-track

age of a tuff layer at the base of that sequence (10.7± 1.7 Ma; Strecker 1987), Mortimer et al.

(2007) proposed that deposition occurred between 11-6 Ma. During this interval deposition was

influenced by several faults south of and within the Sierra de Quilmes (Mortimer et al. 2007), and

the El Cajón-Campo del Arenal Basin was connected to the Santa Maŕıa Basin in the east (Bossi

1992). Due to the uplift of the Sierra de Quilmes, this connection was largely disrupted at least

since the middle Pliocene when alluvial fan deposits of the upper Playa del Zorro Formation were

deposited, derived from the Sierra de Chango Real and the Sierra de Quilmes (Mortimer et al.

2007). The Quaternary top of this section constitutes the cobble-boulder conglomeratic Tortoral

Formation with a minimum thickness of 250 m (Bossi 1992; Bossi et al. 2000), indicating that the

source region became more proximal due to southward narrowing of the basin (Mortimer et al.

2007). This unit possibly represents a counterpart of the Pliocene-Quaternary Punaschotter,

which covers the stratigraphic sequences in many basins in northwestern Argentina (e.g. Penck

1920; Allmendinger 1986; Allmendinger et al. 1989).

Cretaceous sediments are preserved at the eastern margin of the Sierra de Aconquija (Cristallini

et al. 2004). This sequence is overlain by the Saladillo Formation which is preserved in the

present-day Santa Maŕıa Basin with a thickness of 100-350 m in the northern area (Georgieff

1998), thinning towards the south where it is in direct contact with the metamorphic basement

(Bossi et al. 2001). Deposition of this formation occurred between the Cretaceous and the Miocene

(Bossi et al. 2001); sedimentary petrography suggests that it is derived from a crystalline source

(Villaneuva Garćıa & Ovejero 1998). During the Middle Miocene to Pliocene, the formations of

the ∼4100 m thick Santa Maŕıa Group were deposited in the Santa Maŕıa Basin (González 2000).

Sediments of the basal San José Formation are related to a temporary connection with the Paraná

shallow marine transgression at 12-13 Ma (e.g. Gavriloff & Bossi 1992). The overlying Las Arcas

Formation is mainly characterised by fluvial deposits with a thickness between 215 m and 2400 m

in the southern and northern part of the basin, respectively (Bossi 1992). The overlying Chiqúımil

Formation is built up of limnic sediments in the lower member and by fluvial deposits in the

upper member (Bossi & Palma 1982; Kleinert & Strecker 2001). Sandstones in both members

are dominated by granitic and metamorphic detritus as well as by volcanic clasts derived from

the Las Animas volcanic complex of the Sierra de Aconquija, which was active between 11.6 Ma

and 7.7 Ma (e.g. Bossi et al. 2001; González 2000). The overlying ∼1200-m-thick Andalhuala

Formation is composed of sandstones in the lower part and mainly comprises metamorphic

and granitic clasts-bearing conglomerates in the upper part (Ruiz Huidobro 1972). The latter

deposits indicate that the basement of the Cumbres Calchaqúıes and the Sierra de Aconquija

were exposed by ca. 6 Ma (Sobel & Strecker 2003). The Andalhuala Formation is overlain by

the Corral Quemado Formation, with a thickness between >1000 m at the southern tip of the
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Sierra de Quilmes and around 100 m in the middle part of the Santa Maŕıa Basin (Strecker et al.

1989). This formation is composed of alluvial fan deposits (coarsening upward conglomerates)

whose provenance are the adjacent Sierra de Aconquija and the Cumbres Calchaqúıes (Strecker

et al. 1989). The stratigraphic sequence is capped by the Yasyamayo Formation, which is

characterised by spatial confined fanglomerates (Sobel & Strecker 2003). The Miocene sequences

of the Santa Maŕıa Basin are correlated with the Rı́o Saĺı and the India Muerta formations of

the Choromoro Basin east of the Cumbres Calchaqúıes (Fig. 5.2; Bossi et al. 1999). These two

sequences disconformably overlie Cretaceous and Paleogene sediments and are covered by the

Pleistocene Ticucho Formation (e.g. González 2000), whereas deposits of the latter are derived

from the Cumbres Calchaqúıes (e.g. Sobel & Strecker 2003).

In the Tucumán Basin east of the Sierra de Aconquija (Fig. 5.2) Cretaceous and Paleogene

sedimentary units of the Salta Group disconformably overlie the Paleozoic metamorphic and

igneous basement (Turner 1959; Galliski & Viramonte 1988). Sediments of this group are related

to the Salta rifting in a back-arc environment (Turner 1959; Kley & Monaldi 2002). The basal

Pirgüa Group is characterised by clastic sediments of a continental environment, which were

deposited during the Cretaceous syn-rift phase (e.g. Reyes & Salfity 1973; Salfity & Marquillas

1981). As the rifting ceased, thermal subsidence resulted in the formation of a sag basin which

was filled by the post-rift Balbuena and Santa Bárbara subgroups (Bianucci et al. 1981; Salfity

1994). Their deposits are composed of sandstones, limestones, evaporates and shales, indicating

lacustrine, shallow marine, and continental environments (Moreno 1970; Marquillas et al. 2003).

Eastward propagation of Andean deformation generated the development of a foreland basin

during the Paleogene (e.g. Russo & Serraiotto 1979; Carrera et al. 2006). Deposits of the basal

Aconquija formation, which is characterised by sandstones and shales, are exposed along the

eastern slope of the Sierra de Aconquija (González Bonorino 1950). Sandstones and evaporites of

the overlying Ŕıo Saĺı Formation are attributed to Paraná shallow marine transgression during the

Middle Miocene (Uliana & Biddle 1988; Ramos & Alonso 1995). These Paleogene-Miocene units

are capped by the Pliocene to Quaternary India Muerta, Acequiones, and Ticucho formations,

representing synorogenic sequences which are related to the uplift of the surrounding Cumbres

Calchaqúıes and the Sierra de Aconquija ranges (e.g. Ramos 1999; González 2000).

5.3 Methodology

An effective approach to reconstructing regional cooling histories of mountain ranges below 500 ◦C

(equivalent to ca. 25-19 km of exhumation assuming a geothermal gradient between 20-26 ◦C/km)

is utilizing a combination of several thermochronometers. Typically methods include K-Ar dating

of muscovite and biotite, apatite fission-track (AFT), as well as (U-Th)/He dating of zircon and

apatite (ZHe and AHe, respectively) (e.g. Farley et al. 1996).

K-Ar ages are related to the effective closure temperature of the mineral phase analysed (e.g.
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Villa 1998; Harrison et al. 2009, and references therein). Considering a grain size of ≤250µm,

these temperatures roughly range between 420-350 ◦C and 370-320 ◦C for muscovite and biotite,

respectively (e.g. Blanckenburg et al. 1989; Harrison et al. 2009, and references therein).

Lower temperature methods such as ZHe, AFT and AHe constrain the final, near-surface cooling

and exhumation history of a tectonic unit. The AFT thermochronometer has a temperature range,

where the fission-tracks are only partially stable over geological times. This temperature interval

is called as ’partial annealing zone’ (PAZA; e.g. Gleadow & Fitzgerald 1987) and spans 110-60 ◦C

for typical apatites undergoing moderate cooling rates (e.g. Laslett et al. 1987; Ketcham et al.

1999). The comparable thermal window for the (U-Th)/He system is called the partial retention

zone (PRZ; e.g. Baldwin & Lister 1998; Wolf et al. 1998) and spans 200-160 ◦C and 80-55 ◦C for

zircon and apatite (PRZZ and PRZA), respectively (Farley 2000; Reiners et al. 2004). These

temperature ranges strongly depend on the retentivity of radiogenic helium and fission-tracks in

the diffusion domain, i.e. the zircon and apatite crystals. This in turn is controlled by several

factors such as grain size, crystal morphology, alpha-damage density, and cooling rate for the

(U-Th)/He system (e.g. Wolf et al. 1996; Ehlers et al. 2003; Reiners & Brandon 2006). For the

AFT system, the retention behaviour of the fission-tracks mainly depends on the cooling rate

and the kinetic parameter of track annealing, which can be represented by the etch pit diameter

(Dpar; Donelick et al. 1999; Ketcham et al. 1999; Reiners & Brandon 2006).

In this study, basement samples from the Sierra de Aconquija, the Cumbres Calchaqúıes, the

Santa Bárbara System, the Sierra de Calalaste, and the Sierra de Quilmes, as well as sediment

samples from the El Cajón-Campo del Arenal Basin were analysed using at least one of the

methods mentioned above. i) Due to unsuitable grain sizes of muscovite and biotite, only three

samples from the Sierra de Aconquija were dated using the K-Ar dating method (Fig. 5.2). ii)

Apatite fission-track dating was applied to three basement samples from a profile in the Cumbres

Calchaqúıes and to ten basement samples from the eastern side of the Sierra de Aconquija

(Fig. 5.2). iii) All basement samples as well as four sediment samples (Fig. 5.2) were analysed

using the ZHe and AHe method. The corresponding apatite fission-track data for samples from

the Sierra de Aconquija, the Sierra de Quilmes, the El Cajón-Campo del Arenal Basin, and the

Sierra de Calalaste are published in Sobel & Strecker (2003), Mortimer et al. (2007), and Carrapa

et al. (2005), respectively. The sample treatment and preparation used during the analytical

procedure are described in detail by Wemmer (1991) for the K-Ar dating, by Löbens et al. (2011)

for the (U-Th)/He dating and the Cumbres Calchaqúıes AFT samples (see also Ch. 2 and the

Appendix A), and by Sobel & Strecker (2003) for the Aconquija AFT samples.
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5.4 Results

K-Ar cooling ages

In general, the K-Ar ages from the Sierra de Aconquija show regional cooling below 420-320 ◦C

between the Middle Ordovician and the Carboniferous (Table 5.1). Both the biotite and

muscovite ages show some increase towards NE along the range from 321.3± 5.6 Ma (ACON 28)

to 466.9± 6.8 Ma (APM 80-08) and from 272.7± 4.1 Ma (ACON 29) to 476.5± 10.0 Ma (APM

80-08), respectively.

Table 5.1: K-Ar data from Sierra de Aconquija measured during this study and K-Ar data from Sierra de Quilmes
from the literature.

Sample Mineral
Spike K2O 40Ar* 40Ar* Age 2σ-error 2σ-error

Reference
[No.] [wt.%] [nl/g] STP [%] [Ma] [Ma] [%]

APM 80-08 muscovite 4617 9.61 165.14 98.65 466.9 6.8 1.5 this study
biotite 4612 8.78 154.43 98.76 476.5 10 2.1 this study

ACON 28
muscovite 4613 10.35 117.38 97.97 321.3 5.6 1.7 this study
biotite 4614 9.15 86.85 96.13 272.7 4.1 1.5 this study

ACON 29 biotite 4648 8.51 134.2 98.78 432.7 6.9 1.6 this study
472 b (P2) muscovite 420 12 Büttner et al. (2005)
515 B (P3) muscovite 457 14 Büttner et al. (2005)
552 (P2) muscovite 435 10 Büttner et al. (2005)
526 (P3) muscovite 450 11 Büttner et al. (2005)
620 A/C (PV) muscovite 385-402 - Büttner et al. (2005)
6/120 muscovite 374 8 Lucassen et al. (2000)

Zircon (U-Th)/He ages

Mean ZHe ages of the basement samples within the study area range from the Early Devonian

to the Miocene (Table 5.2).

The oldest ages are observed in the Cumbres Calchaqúıes (Table 5.2). These samples yield ages

between 413.6± 44.0 Ma (APM 88-08) and 242.6± 24.9 Ma (CCA 01), but there is no correlation

between age and elevation (Fig. 5.4). Additionally, the sample CCA 01, located at the western

foot of the Cumbres Calchaqúıes, has a similar ZHe age as the basement sample from the Sierra

de Quilmes (CAJ 04, 254.0± 19.9 Ma; see in details Table 5.2).

ZHe data from the Sierra de Aconquija have a broader spread compared to the Cumbres

Calchaqúıes. The ages range between 340.0± 30.7 Ma (ACON 29) and 9.4± 0.7 Ma (ACON 28),

with a distinct positive correlation of age with elevation on both sides (Fig. 5.5). The exception

of this pattern is the bottom sample from the eastern slope (ACON 29), which is considerably

older than the overlying ACON 28.

The Neogene sedimentary samples from the El Cajón-Campo Arenal Basin and the Sierra de

Quilmes (CAJ 12, CAJ 44, CAJ 06) generally yield Miocene ZHe ages of ca. 12 Ma (Table 5.2).

In contrast, CAJ 48 has a Carboniferous age (306.6± 22.6 Ma; Table 5.2).
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Both samples from the Sierra de Calalaste exhibit Cretaceous ages; SCAD 04 (127.5± 8.3 Ma),

samples at a relatively higher elevation, is slightly older than SCAD 09 (107.2± 7.6 Ma; Table 5.2).

Figure 5.4:
a) Schematic
sketch of the
profile in
the Cumbres
Calchaqúıes
showing the
location of
samples dated
by apatite
and zircon
(U-Th)/He
method.
b) and c)
Age-elevation
plots for the
ZHe and
AHe systems,
respectively.

Figure 5.5: a) Schematic sketch of the profile in the Sierra de Aconquija showing the location of samples dated
by apatite and zircon (U-Th)/He method. b) and c) Age-elevation plots for ZHe and AHe data, respectively. Red
diamonds = samples from the eastern flank; blue diamonds = samples from the western flank.
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Table 5.2: Zircon and apatite (U-Th)/He data.

He 238U 232Th Sm

Sample ali.
vol.

[ncc]

1σ

[%]

mass

[ng]

1σ

[%]

mass

[ng]

1σ

[%]

mass

[ng]

1σ

[%]
Ft

Unc.

[Ma]

Corr.

[Ma]

2σ

[Ma]

Mean

±2σ [Ma]

zircon

ACB 01 z1 0.73 2.01 0.27 1.86 0.15 2.41 0.01 11.43 0.78 20.0 25.7 2.2

z2 1.90 1.76 1.58 1.81 0.37 2.41 0.06 10.87 0.79 9.4 12.0 1.0

z3 0.90 1.96 0.60 1.82 0.26 2.41 0.09 10.91 0.76 11.3 14.8 1.3

z4 1.72 1.78 0.74 1.82 0.39 2.41 0.02 11.20 0.79 17.2 21.8 1.7 18.6 1.5

ACON 01 z2 8.51 1.66 2.00 1.81 0.28 2.41 0.01 34.49 0.74 34.1 46.3 4.3

z3 4.71 1.70 1.02 1.81 0.15 2.41 0.01 12.39 0.78 36.7 47.2 3.9 46.7 4.1

ACON 11 z1 4.41 1.69 0.57 1.82 0.19 2.41 0.01 34.38 0.71 59.3 83.7 8.3

z2 1.52 1.81 0.24 1.88 0.08 2.42 0.00 38.92 0.66 48.5 73.4 8.3

z3 4.47 1.71 0.56 1.82 0.20 2.41 0.01 34.94 0.72 60.7 84.4 8.2 80.5 8.3

ACON 20 z1 21.99 1.65 1.66 1.81 0.36 2.41 0.08 38.09 0.76 103.4 136.0 11.7

z2 16.70 1.66 1.33 1.81 0.52 2.41 0.02 38.61 0.76 94.1 123.2 10.4 129.6 11.1

ACON 24 z2 4.32 1.72 1.39 1.80 0.21 2.40 0.01 11.80 0.69 24.8 36.1 3.8

z3 5.50 1.70 1.70 1.80 0.45 2.40 0.01 12.90 0.69 25.2 36.2 3.9

z4 5.56 1.70 1.51 1.80 0.27 2.40 0.02 10.50 0.78 29.3 37.6 3.1 36.8 3.6

ACON 26 z1 0.86 1.91 0.81 1.80 0.08 2.40 0.01 12.90 0.77 8.6 11.1 0.9

z2 1.09 1.88 0.51 1.80 0.22 2.40 0.01 10.90 0.74 16.0 21.5 2.0

z3 4.30 1.71 1.08 1.80 0.28 2.40 0.02 10.80 0.79 31.0 39.4 3.1 24.0 2.0

ACON 28 z1 3.09 1.72 3.09 1.81 0.90 2.41 0.07 36.35 0.85 7.7 9.1 0.6

z2 0.34 2.29 0.62 1.82 0.17 2.41 0.14 37.10 0.85 4.2 5.0 0.4

z3 1.87 1.80 1.86 1.81 0.50 2.41 0.02 37.78 0.82 7.9 9.6 0.7 9.4 0.7

ACON 29 z1 49.60 1.64 1.64 1.81 0.54 2.41 0.04 34.31 0.75 227.8 305.1 27.1

z3 53.10 1.64 1.50 1.81 0.23 2.41 0.08 10.89 0.74 277.0 374.8 34.2 340.0 30.7

APM 75-08 z1 19.57 1.64 0.48 1.82 0.15 2.41 0.03 22.34 0.80 309.1 388.0 29.8

z2 50.53 1.64 1.21 1.81 0.50 2.41 0.07 22.43 0.78 307.2 396.0 32.2

z3 14.49 1.65 0.36 1.83 0.13 2.42 0.02 22.89 0.71 300.9 423.9 41.8 402.6 34.6

APM 76-08 z1 21.70 1.64 0.67 1.83 0.19 2.41 0.03 7.52 0.77 245.4 318.5 26.5

z3 44.67 1.64 1.28 1.81 0.63 2.41 0.08 8.94 0.80 252.9 316.4 23.9 317.4 25.2

APM 78-08 z1 15.76 1.64 0.43 1.84 0.35 2.41 0.05 8.20 0.83 248.6 300.6 20.6

z2 13.05 1.65 0.28 1.87 0.73 2.41 0.12 8.09 0.77 234.2 303.9 24.8

z3 19.49 1.64 0.52 1.83 0.60 2.41 0.10 8.37 0.74 239.6 321.8 28.5 308.8 24.6

APM 80-08 z1 56.35 1.64 1.80 1.81 0.46 2.41 0.39 6.56 0.81 238.6 295.2 21.8

z2 26.62 1.64 0.97 1.82 0.21 2.42 0.19 6.78 0.82 211.5 259.1 18.7

z3 23.45 1.65 0.80 1.82 0.23 2.41 0.12 6.93 0.75 223.0 297.3 26.3

z4 40.73 1.64 1.63 1.81 0.64 2.41 0.17 7.06 0.75 186.4 249.9 22.2

z5 64.04 1.64 2.45 1.81 0.47 2.41 0.09 7.32 0.73 203.1 277.0 25.7 275.7 22.9

APM 87-08 z1 101.48 1.64 3.13 1.81 0.73 2.41 0.12 6.68 0.80 248.8 310.6 23.5

z2 37.77 1.64 0.87 1.81 0.65 2.41 0.03 7.31 0.80 297.7 373.7 28.3

z3 157.47 1.64 5.12 1.81 1.20 2.41 0.33 6.71 0.80 236.4 294.0 22.0

z4 201.13 1.64 5.06 1.81 1.08 2.41 0.04 7.26 0.82 304.9 373.8 27.0

z5 113.33 1.64 3.47 1.81 0.76 2.41 0.10 6.94 0.76 251.7 329.4 27.9 336.3 25.8

APM 88-08 z1 3.92 1.66 0.10 2.56 0.12 2.42 0.02 5.20 0.62 255.0 409.4 50.9

z4 40.43 1.64 0.90 1.82 0.61 2.41 0.14 5.20 0.74 311.0 417.9 37.2 413.6 44.0

APM 89-08 z1 28.68 1.64 0.70 1.82 0.33 2.41 0.22 5.54 0.79 296.4 376.1 29.5

z2 77.37 1.64 2.12 1.81 0.56 2.41 0.38 5.72 0.79 277.4 350.3 27.2

z3 42.25 1.64 1.21 1.81 0.48 2.41 0.14 5.71 0.74 259.2 348.3 31.1

z4 32.13 1.64 0.91 1.82 0.38 2.41 0.14 5.97 0.79 261.2 329.0 25.3

z5 34.42 1.64 0.77 1.82 0.58 2.41 0.09 6.12 0.84 304.7 361.7 23.6 353.1 27.3

CAJ 04 z1 70.33 1.64 2.67 1.81 0.57 2.41 0.07 4.12 0.80 203.8 255.1 19.4

z3 24.94 1.65 0.96 1.81 0.29 2.41 0.02 5.16 0.78 198.2 252.8 20.2 254.0 19.9

CAJ 06 z1 13.21 3.39 8.93 1.81 5.18 2.41 0.00 49.82 0.85 10.8 12.7 1.1

z2 13.26 1.67 7.79 1.81 11.06 2.41 0.00 56.43 0.86 10.5 12.3 0.8

z3 32.42 1.65 25.95 1.81 13.40 2.41 0.01 52.24 0.85 9.2 10.8 0.7

z4 12.32 1.67 8.52 1.81 6.52 2.41 0.26 10.71 0.88 10.1 11.5 0.7 11.8 0.8

CAJ 12 z3 16.55 1.66 10.68 1.81 16.35 2.41 0.00 57.87 0.84 9.4 11.2 0.7

z4 2.81 1.76 1.73 1.81 1.40 2.41 0.11 10.85 0.83 11.3 13.5 0.9 12.3 0.8

CAJ 44 z1 8.88 1.68 5.32 1.81 4.79 2.41 0.88 46.76 0.87 11.4 13.0 0.8

z2 8.66 1.67 5.33 1.81 4.82 2.41 0.67 46.85 0.89 11.1 12.4 0.7

z3 4.29 1.71 3.37 1.81 2.64 2.41 0.52 46.79 0.85 8.9 10.5 0.7 12.0 0.7

CAJ 48 z1 70.18 1.64 2.42 1.81 0.29 2.41 0.01 33.94 0.80 228.9 285.3 21.6

z2 75.92 1.64 2.17 1.81 0.55 2.41 0.03 33.13 0.82 267.6 328.0 23.7 306.6 22.6

CCA 01 z1 19.16 1.65 0.95 1.81 0.05 2.45 0.00 39.71 0.70 162.2 231.1 23.4

z3 9.24 1.67 0.41 1.83 0.10 2.42 0.01 36.83 0.69 175.9 254.1 26.4 242.6 24.9

CHOM 02 z1 67.16 1.64 1.89 1.81 0.52 2.41 0.08 32.63 0.75 269.2 358.2 31.5

z2 100.34 1.64 3.06 1.81 1.14 2.41 0.01 49.95 0.81 244.2 301.3 22.0

z4 54.61 1.64 1.64 1.81 0.44 2.41 0.01 48.80 0.82 253.8 307.6 21.6

z6 97.74 1.64 2.52 1.81 1.58 2.41 0.00 49.22 0.86 273.8 319.8 20.0 321.7 23.8

SCAD 04 z2 46.84 1.64 3.87 1.81 1.99 2.41 0.30 10.79 0.81 88.6 109.8 8.1

z3 51.97 1.64 3.01 1.81 1.32 2.41 0.08 10.85 0.88 128.0 145.3 8.4 127.5 8.3

SCAD 09 z1 17.65 1.65 1.76 1.81 0.63 2.41 0.04 11.08 0.81 76.1 94.5 7.0

continued on next page
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Table 5.2 – continued from previous page

He 238U 232Th Sm

Sample ali.
vol.

[ncc]

1σ

[%]

mass

[ng]

1σ

[%]

mass

[ng]

1σ

[%]

mass

[ng]

1σ

[%]
Ft

Unc.

[Ma]

Corr.

[Ma]

2σ

[Ma]

Mean

±2σ [Ma]

z3 57.05 1.64 4.51 1.81 0.71 2.41 0.16 10.82 0.83 100.1 120.0 8.2 107.2 7.6

apatite

ACB 01 a1 0.06 4.43 0.12 1.87 0.03 2.71 1.22 12.64 0.93 3.5 3.7 0.4

a2 0.02 6.95 0.07 2.01 0.02 2.95 0.67 12.66 0.91 2.2 2.5 0.4

a3 0.02 7.96 0.06 2.04 0.01 3.67 0.63 12.64 0.93 2.0 2.1 0.4 2.8 0.4

ACON 01 a1 0.22 2.60 0.13 1.87 0.00 4.77 1.32 12.66 0.80 12.8 16.0 1.4

a2 0.10 3.34 0.08 1.94 0.00 4.95 0.70 12.64 0.86 9.8 11.4 1.0 13.7 1.2

ACON 11 a1 0.09 3.70 0.18 1.87 0.02 2.99 0.11 13.27 0.95 4.0 4.2 0.4

a2 0.02 6.95 0.07 2.17 0.02 2.98 0.04 13.51 0.89 2.7 3.1 0.5

a3 0.04 6.04 0.05 2.41 0.03 2.69 0.10 13.23 0.94 5.5 5.9 0.8 4.4 0.5

ACON 20 a1 0.06 4.40 0.05 2.44 0.00 -184 0.96 13.60 0.94 8.5 9.1 1.0

a2 0.05 5.03 0.05 2.44 0.00 5.12 1.02 13.43 0.93 6.6 7.1 0.8

a3 0.03 6.19 0.03 3.36 0.00 4.52 0.56 13.33 0.90 7.9 8.9 1.3 8.4 1.0

ACON 24 a1 0.06 5.10 0.07 2.00 0.00 13.30 0.94 8.20 0.87 6.3 7.3 0.8

a2 0.11 3.76 0.11 1.90 0.00 16.70 1.08 8.20 0.89 7.7 8.7 0.8 8.0 0.8

ACON 26 a1 0.03 7.63 0.09 2.00 0.00 -78 2.22 8.10 0.90 2.0 2.3 0.4

a2 0.04 5.74 0.05 2.20 0.00 -108 1.20 8.10 0.94 5.3 5.7 0.7

a3 0.03 6.96 0.10 1.90 0.00 6.40 1.91 8.10 0.94 2.3 2.5 0.4

a4 0.04 5.66 0.05 2.20 0.00 -203 1.87 8.20 0.93 5.6 6.0 0.8 4.1 0.6

ACON 28 a1 0.04 5.51 0.13 1.87 0.01 3.46 1.31 12.60 0.94 2.6 2.8 0.3

a3 0.04 5.47 0.08 1.94 0.00 5.63 0.61 12.61 0.90 3.6 4.0 0.5 3.4 0.4

ACON 29 a1 1.63 1.79 0.23 1.83 0.00 4.40 2.85 12.62 0.93 52.9 56.8 3.3

a3 0.45 2.24 0.06 2.00 0.00 8.53 1.03 12.60 0.87 51.6 59.1 4.4 58.0 3.9

APM 75-08 a1 0.15 2.35 0.01 3.89 0.01 3.80 0.05 6.22 0.78 66.8 85.4 8.7

a2 0.26 2.08 0.02 3.59 0.02 3.57 0.25 5.86 0.85 94.8 112.1 9.2 98.8 9.0

APM 76-08 a1 0.05 3.10 0.01 9.82 0.01 3.34 0.03 12.56 0.70 51.7 73.4 12.5

a2 0.14 2.29 0.02 3.57 0.04 2.59 0.09 12.28 0.79 44.2 56.0 5.1

a3 1.28 1.71 0.13 1.86 0.03 2.64 0.56 12.35 0.77 75.5 97.9 8.2 75.8 8.6

APM 78-08 a1 0.60 2.04 0.03 3.07 0.01 3.33 0.20 13.65 0.88 127.6 145.5 11.2

a3 0.29 2.45 0.02 4.96 0.00 4.34 0.03 14.11 0.86 127.2 147.3 16.2 146.4 13.7

APM 80-08 a1 1.13 1.72 0.09 1.90 0.00 4.28 0.53 12.28 0.79 95.2 121.2 9.9

a3 0.47 1.83 0.04 2.24 0.00 4.96 0.20 12.27 0.80 98.9 123.7 10.1 122.4 10.0

APM 87-08 a1 0.76 1.74 0.06 2.11 0.17 2.41 0.21 3.78 0.51 58.4 113.5 17.3

a2 0.04 3.42 0.00 16.72 0.01 2.93 0.02 4.15 0.57 48.1 84.5 22.9 99.0 20.1

APM 88-08 a1 0.02 4.40 0.00 34.66 0.01 3.00 0.01 13.53 0.74 32.1 43.2 10.7

a2 0.02 4.46 0.00 26.38 0.02 2.91 0.01 13.85 0.58 21.5 36.8 8.5

a3 0.04 3.30 0.00 10.90 0.02 2.86 0.04 13.16 0.75 39.5 52.7 7.8

a4 0.02 4.24 0.00 12.16 0.01 3.07 0.01 14.49 0.69 26.4 38.2 7.1 42.7 8.5

APM 89-08 a4 0.92 1.75 0.05 2.17 0.07 2.51 0.96 6.07 0.88 106.8 121.0 7.2 121.0 7.2

CAJ 03 a3 0.65 2.09 0.16 1.85 0.00 5.06 1.06 12.62 0.84 31.3 37.3 2.7 37.3 2.7

CAJ 04 a1 0.02 6.39 0.00 38.76 0.01 3.59 0.02 12.84 0.81 52.0 64.0 21.8

a2 0.14 2.63 0.02 3.69 0.00 4.60 0.22 12.68 0.77 62.7 81.6 8.9 72.8 15.3

CAJ 06 a1 3.89 1.69 0.43 1.82 0.03 2.73 1.15 12.71 0.89 72.4 81.8 4.8

a3 1.00 1.90 0.08 1.95 0.03 2.68 0.63 12.60 0.89 92.4 103.4 6.3 92.6 5.6

CAJ 12 a1 0.05 4.66 0.03 2.57 0.06 2.53 0.26 12.60 0.82 8.7 10.5 1.2

a2 0.11 3.13 0.14 1.86 0.02 2.98 0.32 12.64 0.84 6.2 7.4 0.6 9.0 0.9

CAJ 44 a1 0.11 2.97 0.04 2.22 0.24 2.44 0.85 29.95 0.90 8.6 9.6 0.8

a2 0.55 2.09 0.50 1.81 0.02 2.75 1.45 12.64 0.90 8.8 9.9 0.6 9.7 0.7

CAJ 48 a1 0.09 3.40 0.03 2.47 0.02 2.94 0.26 12.65 0.88 19.9 22.8 2.0

a2 0.12 3.08 0.05 2.07 0.01 3.05 0.30 12.68 0.81 16.7 20.6 1.9

a3 0.41 2.21 0.14 1.86 0.05 2.56 0.66 12.61 0.86 22.4 25.9 1.8 23.1 1.9

CCA 01 a1 0.12 3.29 0.01 4.73 0.01 4.08 0.12 12.62 0.90 68.6 76.3 8.1

a2 0.21 2.74 0.03 2.60 0.01 3.28 0.04 12.84 0.86 56.5 65.7 5.4

a3 0.17 2.96 0.03 2.65 0.01 4.04 0.02 12.89 0.91 48.1 52.8 4.3 64.9 6.0

CHOM 02 a2 0.11 3.14 0.05 2.10 0.01 3.25 0.35 22.56 0.81 16.7 20.6 2.0

a3 0.93 1.86 0.11 1.89 0.02 2.82 0.40 22.48 0.88 67.4 76.9 4.9 48.8 3.4

SCAD 04 a2 0.12 3.13 0.04 2.30 0.04 2.59 0.49 12.58 0.86 19.0 22.0 1.9

a3 0.16 3.02 0.06 2.03 0.03 2.62 0.38 12.64 0.88 18.6 21.1 1.7 21.5 1.8

SCAD 09 a1 0.26 2.57 0.08 1.94 0.07 2.50 1.70 12.62 0.90 19.5 21.6 1.6

a2 0.36 2.36 0.05 2.19 0.01 3.19 0.19 12.71 0.90 60.5 67.5 4.7

a3 0.08 4.28 0.01 8.15 0.03 2.64 0.13 12.78 0.90 39.5 43.7 5.1 44.3 3.8

Notes: ali. = aliquote, Unc. = uncorrected age, Ft = Ejection correction, Corr. = Ft-corrected age, and Mean ±2σ = Unweighted average
age ±2σ; further data can be found in the supplementary material (attached CD). Amount of helium is given in nano-cubic-cm in standard
temperature and pressure; amount of radioactive elements are given in nanograms; ejection correction (Ft): correction factor for alpha-ejection
(according to Farley et al. (1996) and Hourigan et al. (2005)); uncertainties of helium and the radioactive element contents are given as 1
sigma, in relative error %; uncertainty of the single grain age is given as 2 sigma in Ma and it includes both, the analytical uncertainty and the

estimated uncertainty of the Ft; uncertainty of the sample average age is 2 standard error, as (SD)/(n)1/2; where SD = standard deviation
of the age replicates and n = number of age determinations; n.d. = not detected. Four to six aliquots per sample were picked and analysed.
If the investigated age of a single grain deviates by more than 2σ from the mean age, the aliquot was rejected. These erroneous ages can
be caused by several factors, such as zoning of alpha-emitting elements, micro inclusions, the limit of detection, or the bias of the ejection
correction (smaller grains have larger errors).
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Apatite fission-track ages

The apparent fission-track ages of the three samples from the Cumbres Calchaqúıes profile

range between the Jurassic (APM 75-08) and the Cretaceous (APM 87-08; Table 5.3). The

ages positively correlate with elevation as expected for undisturbed subvertical crustal profiles

(Fig. 5.6; Fitzgerald et al. 2006). All samples are characterised by distinctly shortened tracks

with an unimodal length distribution (Fig. 5.6), where the mean track length ranges between

11.1± 1.4µm and 11.8± 1.4µm (Table 5.3). The mean etch pit diameter (Dpar) of the three

samples vary from 1.76± 0.16µm to 1.99± 0.13µm (Table 5.3).

Figure 5.6: Age-elevation plot for the fission-track data of the Cumbres Calchaqúıes a) and the eastern side of
the Sierra de Aconquija b). Also shown is the track length distribution of the samples including their apparent age,
the mean track length with standard deviation (mtl), and the number of confined tracks (n) measured. Due to
insufficient uranium content and the young age, almost no confined tracks were detectable in the samples ACON
20-ACON 28 from the eastern side of the Sierra de Aconquija (Table 5.3).

The fission-track ages from the other Cumbres Calchaqúıes profile further south as well as from

the profiles within the Sierra de Aconquija and the Sierra de Quilmes (Table 5.3) are described

in detail by Sobel & Strecker (2003), Coughlin et al. (1998), and Mortimer et al. (2007).

Ten samples were analysed from a profile covering ∼2400 m elevation on the eastern flank of

Sierra de Aconquija. The upper 9 samples yield ages between 2.8± 0.4 and 5.9± 0.8 Ma and

pass the chi squared test. The ages generally increase upwards (Fig. 5.6; Table 5.3). This profile

was collected just east of a profile investigated on the western flank of the range; AFT results

from the latter are published in Sobel & Strecker (2003). The AFT age of the uppermost sample

of the eastern profile overlaps within error the oldest AFT ages reported from the crest of the

range, suggesting that the results from the two profiles can be compared directly. The basal

sample from the east side yields an age of 118.8± 4.6 Ma and fails the chi squared test. Track

lengths are moderately reduced with a mean of 12.4µm. Dpar values for this sample are 2.2µm,
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somewhat higher than the mean value of 1.8µm obtained from the overlying 9 samples. A ∼N-S

trending fault scarp was observed on the steep slopes between the Cretaceous-age sample and the

overlying Upper Neogene-age sample. This portion of the range is draped with numerous large

landslides, which are poorly exposed due to dense vegetation. The age pattern suggests that

the scarp represents the active trace of a large, poorly-mapped east-vergent fault; the landslides

support the contention that the fault is active.

Table 5.3: Apatite fission-track data.

Sample No.
(lithology, range)

Longitude
Latitude

Elevation
(m)

n ρs Ns ρi Ni ρd Nd
P(χ2)
(%)

Age
(Ma)

±1σ
(Ma)

MTL
(µm)

SD
(µm)

N
(L)

Dpar
(µm)

APM 75-08
(metased., CC)

-65.716000
-26.269000

3562 25 15.7 932 11 659 8.2 7356 92.7 184.7 17.4 11.6 1.4 50 1.76

APM 87-08
(metased., CC)

-65.731833
-26.243500

2843 25 11.2 835 8.7 646 6.4 6086 96.0 131.5 12.5 11.1 1.4 50 1.90

APM 88-08
(metased., CC)

-65.737333
-26.258667

2943 25 15.0 783 9.4 489 6.5 6086 45.3 170.5 17.4 11.8 1.4 50 1.99

ACON 20*
(gneiss, SdA)

-66.041917
-27.137083

4920 20 0.3 61 11 2285 12.0 4796 99.9 5.9 0.8 14.0 2.6 2 1.80

ACON 21*
(metased., SdA)

-66.038650
-27.132333

4810 20 0.5 126 19 5213 12.0 4796 99.4 5.3 0.5 - - - 1.80

ACON 22*
(gneiss, SdA)

-66.027833
-27.135983

4550 20 0.4 112 18 5400 11.9 4796 96.7 4.6 0.5 - - - 1.80

ACON 23*
(metam., SdA)

-66.013950
-27.149850

4265 20 0.9 196 39 8937 11.9 4796 97.6 4.8 0.4 14.7 0.7 3 1.70

ACON 24*
(gneiss, SdA)

-66.005533
-27.162033

4000 20 0.4 106 21 5171 11.8 4796 96.6 4.5 0.5 - - - 2.00

ACON 25*
(meta-volc., SdA)

-65.993150
-27.171850

3675 20 0.3 83 22 5591 11.8 4796 69.1 3.2 0.4 - - - 1.83

ACON 26*
(h.-volc., SdA)

-65.982750
-27.173533

3370 20 0.2 87 13 5702 11.8 4796 99.4 3.3 0.4 - - - 1.89

ACON 27*
(gneiss, SdA)

-65.976516
-27.171250

3030 20 0.4 93 29 7719 11.7 4796 39.1 2.6 0.3 - - - 1.78

ACON 28*
(migmatite, SdA)

-65.973383
-27.173567

2830 20 0.2 66 19 5130 11.7 4796 64.6 2.8 0.4 15.6 - 1 1.85

ACON 29*
(metased., SdA)

-65.960050
-27.188367

2580 20 18.2 3380 34 6328 11.6 4796 0 118.8 4.6 12.4 0.2 100 2.16

ACON 11
(metam., SdA)

-66.108350
-27.201733

5005 insufficient uranium content (detailed description is given in Sobel & Strecker (2003))

ACON 01
(metam., SdA)

-66.132833
-27.144500

3150 detailed values are given in Sobel & Strecker (2003) 5.1 0.6 14.7 0.3

ACB 01 (granite,
SdA)

-66.158333
-27.150000

3030 detailed values are given in Sobel & Strecker (2003) 4.8 0.6 14.4 0.4

CCA 01
(metased., CC)

-65.811867
-26.477383

2350 detailed values are given in Sobel & Strecker (2003) 81.6 3.8 11.9 0.2

SCAD 04
(metased., SdC)

-67.460600
-26.152600

4335 detailed values are given in Carrapa et al. (2005) 29.0 2 no data

SCAD 09
(metased., SdC)

-67.421500
-26.143600

3729 detailed values are given in Carrapa et al. (2005) 25.8 1.6 no data

CHOM 01*
(SBS)

-65.461700
-26.389267

1200 25 7.1 974 31 4246 11.5 4796 0 51.8 4.3 10.5 0.4 28 2.20

CHOM 02*
(SBS)

-65.044717
-26.444367

1390 20 32.2 5780 32 5674 11.5 4796 0 212.8 6.9 11.9 0.2 101 1.50

CAJ 04 (SdQ)
-66.303167
-26.625667

2559 detailed values are given in Mortimer et al. (2007) 81.9 2.8 12.1 0.2

CAJ 03 (CR)
-66.537367
-26.537367

3050 detailed values are given in Mortimer et al. (2007) 55.4 1.9 12.3 0.2

CAJ 06 (ECB)
-66.303167
-26.625667

2559 detailed values are given in Mortimer et al. (2007) 44.2 3.6 11.2 0.2

CAJ 12 (ECB)
-66.337083
-26.669267

2575 detailed values are given in Mortimer et al. (2007) 26.8 2.5 11.7 0.2

CAJ 44 (ECB)
-66.316033
-26.625967

2583 detailed values are given in Mortimer et al. (2007) 16.0 1.3 12.7 0.3

CAJ 48 (ECB)
-66.372100
-26.658717

2816 detailed values are given in Mortimer et al. (2007) 49.5 2.6 11.9 0.1

Notes: Cumbres Calchaqúıes (CC), Sierra de Aconquija (SdA), Sierra de Quilmes (SdQ), Santa Barbára System (SBS), Sierra de Calalaste
(SdC), Sierra de Chango Real (CR), and the El Cajón Basin (ECB). No length because of insufficient uranium content. n number of dated

apatite crystals, ρs/ρi spontaneous/induced track densities (×105 tracks cm−2), Ns/Ni number of counted spontaneous/induced tracks, ρd
track density on dosimeter, Nd number of tracks counted on dosimeter, P(χ2) probability obtaining chi-squared value (χ2) for n degree of
freedom (where n is the number of crystals -1); age ± 1σ is central age ± 1 standard error (Galbraith & Laslett 1993); ages were calculated
using zeta calibration method (Hurford & Green 1983); glass dosimeter CN-5, and zeta value of 323.2± 25.3 (369.6± 7.6 for samples marked
with *); MTL, mean track length; SD, standard deviation of track length distribution; N number of tracks measured; Dpar, etch pit diameter;
further data can be found in the supplementary material (attached CD).

Two samples were analysed from the western and eastern flanks of the Choromoro basin

(Fig. 5.2). The former sample, CHOM 01, collected in Paleozoic meta-sandstone, yields an

age of 51.8± 4.3 Ma and has significantly shortened track lengths of 10.5± 0.4µm (Table 5.3).

The latter sample, CHOM 02, was collected in a Cretaceous sandstone and yields an age of
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212.8± 6.9 Ma and track lengths of 11.9± 0.2µm (Table 5.3). Both samples fail the chi squared

test. CHOM 01 is partially annealed, while CHOM 02 preserves a detrital age signature.

Apatite (U-Th)/He ages

In general, the mean AHe ages of the samples, except ACON 01 and ACON 20, are younger than

or coincide within the 2σ-error of the corresponding apatite fission-track age (Tables 5.2, 5.3).

We attribute the two anomalously old AHe ages to small inclusions in the analysed apatite

crystals rather than problems with the AFT analysis, because the adjacent AFT samples yield

similar ages.

The mean AHe ages from Cumbres Calchaqúıes vary between the Early Cretaceous (APM

89-08) and the Eocene (APM 88-08; Table 5.2). Within the elevation profile from the western

flank of the range (samples APM 87-08 to APM 75-08; Fig. 5.4), a distinct positive age-elevation

correlation is observed, except for sample APM 87-08. This bottom sample yields an age of

99.0± 20.1 Ma, around 60 Ma older than APM 88-08, and nearly the same age as the top sample

APM 75-08 (98.8± 9.0 Ma; Table 5.2; Fig. 5.4).

In contrast, the samples from the Sierra de Aconquija depict considerably younger apatite AHe

ages. These ages generally range from the Miocene to the Pliocene, except for ACON 29 with an

age of 58.0± 3.9 Ma (Table 5.2). There is also a positive correlation of age with elevation on

both sides of the range except for samples ACON 29 and ACON 01 on the eastern and western

slopes, respectively (Table 5.2; Fig. 5.5).

Mean AHe ages of the samples from the Sierra de Quilmes and the Sierra de Chango Real are

between the Late Cretaceous and the Eocene (Table 5.2). The 72.8± 15.3 Ma age of the basement

sample from the former mountain range (CAJ 04) is considerably older than the 37.3± 2.7 Ma

sample from the Sierra de Chango Real (CAJ 03).

Most of the sedimentary samples from the El Cajón-Campo Arenal Basin (CAJ 12, CAJ 44,

CAJ 48) yield Miocene ages (Table 5.2) ranging between 23.1± 1.9 Ma (CAJ 48) and 9.0± 0.9 Ma

(CAJ 12). Contrastingly, CAJ 06 which is the oldest sample stratigraphically and is located

directly next to the basement sample CAJ 04 that shows a Cretaceous AHe age (92.6± 5.6 Ma;

Table 5.2), suggesting that little exhumation of the ranges had occurred by this time.

The two samples from the Sierra de Calalaste, SCAD 09 and SCAD 04, show Eocene

(44.3± 3.8 Ma) and Miocene (21.5± 1.8 Ma) ages, respectively (Table 5.2).
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5.5 Discussion

5.5.1 Thermal modelling

The thermal history of six samples (three from the Sierra de Aconquija and three from the

Cumbres Calchaqúıes) was modeled using the HeFTy software (Ketcham 2005). The input data

for the modelling were the fission-track single grain ages, track length distribution, and Dpar data

as well as the corresponding (U-Th)/He ages of zircon and apatite. In order to obtain geological

reasonable cooling paths, two boundary conditions were imposed on the thermal models: i) The

beginning of the time-temperature paths is constrained by the age and temperature range of

the K-Ar data of muscovite and biotite, representing regional cooling below 420-320 ◦C (e.g.

Blanckenburg et al. 1989; Harrison et al. 2009), and ii) the end is confined by the mean annual

surface temperature of 17 ◦C (Müller 1996). For the Cumbres Calchaqúıes the age related to

cooling below the closure temperature of the K-Ar systems was extrapolated from the data in

the Sierra de Aconquija (Table 5.1).

5.5.2 Evolution of basement ranges

Structural evolution of the Sierra de Aconquija

Time-temperature relationships of the samples from the eastern side of the Sierra de Aconquija

indicate exhumation during the Paleozoic (Fig. 5.7). Although sample ACON 20 is today

structurally and topographically higher than samples ACON 28 and ACON 29, the best fit of

the modelled cooling paths of the former sample yield relatively younger high temperature ages

(biotite and muscovite K-Ar) than the latter two samples (Fig. 5.7). But since there are no K-Ar

data available for ACON 20 (Table 5.1), because of insufficient amounts of datable minerals, and

the closure age could just be constrained by thermal modelling, it is too speculative to interpret

the time-dependant evolution of the mountain range just basing on the K-Ar ages. Therefore, it

is necessary to compare the ZHe data of the samples. These, in turn, also indicate relatively

younger ages of the presently structurally and topographically higher ACON 20 compared to

ACON 29 (Fig. 5.5) confirming the obtained high temperature cooling paths (Fig. 5.7). Either

ACON 20 was exhumed from a relatively deeper crustal level than ACON 29, hence experienced

more exhumation, or the sample was affected by a Late Paleozoic event, which did not influence

the latter. Additionally, the ZHe ages suggest a fault related age-disturbance of the profile

between samples ACON 28 and ACON 29 (Fig. 5.5), where the fault was presumably active

during the Late Cenozoic. Using the thermochronological data and the thermal models obtained

during this study we propose a time-dependant evolutionary model for the Sierra de Aconquija

commencing during the Famatinian Orogeny and lasting until present (Fig. 5.8).
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The Famatinian Orogeny, related to the accretion of the parautochthonous Cuyania Terrane to

the southwestern margin of Gondwana during the Early Paleozoic (e.g. Aceñolanza & Toselli 1988;

Baldis et al. 1989), likely generated significant relief in the area of the present Northern Sierras

Pampeanas. The modelled time-temperature paths (Fig. 5.7) suggest that initial exhumation

within the region of the Sierra de Aconquija commenced during the late stage of this orogenic

phase, between the Devonian and the Carboniferous. Since most of the Famatinian deformation

was probably accommodated by a listric thrust east of the present mountain range, there could

have been a more pronounced relief in the vicinity of the sample ACON 29 compared to the area

further to the west (ACON 20 to ACON 28, Fig. 5.8a). Therefore, tectonic deformation and

tectonically controlled erosion lead the former area to be uplifted to a relatively higher crustal

level which was characterised by a temperature indicative of the lower boundary of the PAZA

(approx. 90 ◦C, Figs. 5.7, 5.8a). Contrastingly, due to a less pronounced relief in the western

part, erosion was less effective, hence exhumation of samples ACON 20 to ACON 28 occurred

just below the lower boundary of the PRZZ (Figs. 5.7, 5.8a). Additionally, the Paleozoic sample

configuration was different from the Recent, i.e. ACON 29 was i) in a relatively higher position

than the other samples and ii) horizontally farther apart in order to explain the different amounts

of exhumation during this evolutionary stage.

During the Mesozoic continuous erosion caused a further reduction of the existing relief,

resulting in exhumation below the upper temperature boundaries of the PAZA and the PRZA in

the western and eastern part of the Sierra de Aconquija, respectively (Fig. 5.8b), as suggested

by the cooling paths (Fig. 5.7). Since the thermal models show that cooling occurred at a

rate of ∼0.2 ◦C/Ma during this interval, the total erosion was presumably quite limited. This

might be related to either a reduced relief where erosional processes were less effective or to a

change in the outcropping lithologies to ones that are more resistant to erosion (e.g. Dadson et al.

2003). Although Carignano et al. (1999) propose humid to sub-humid conditions with intervening

semiarid periods during the Early Mesozoic, a climatically driven decrease of erosional forces

cannot be excluded.

In the Late Mesozoic, samples ACON 20 to ACON 28 were affected by very slow cooling

(Fig. 5.7), when ACON 20 was exhumed from just below the upper temperature boundary of

the PAZA into the partial annealing zone (Fig. 5.8c). This small amount of exhumation in

that area is presumably related to a low topography where erosional processes are less effective

(Fig. 5.8c) as well as to an arid climate, indicated by deposition of carbonates and evaporates

during this period (e.g. Marquillas et al. 2003). Furthermore, the Atlantic rifting ceased by the

Late Cretaceous, leading to a reduction of tectonic erosion in this area. Contrastingly, further

to the east, cooling of ACON 29 (Fig. 5.7) indicates exhumation above the PRZA during the

Cretaceous. This is due to continuous erosion of the then present positive relief in the vicinity

of that sample while rifting was active, whereupon most of the sedimentary flux was probably

provided to the rift basin developed in the east (Fig. 5.8c).
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Figure 5.7: Cooling paths derived from thermal modelling of 3 samples from Aquonquija (left) and 3 samples from
Cumbres Calchaqúıes (right). The ranges of the effective closure temperatures for the different thermochronometers
and the goodness of fit (GOF) between the measured and modelled data, averaged over all input data, are shown.
APRZ/ZPRZ is the partial retention zone of apatite/zircon and PAZ is the partial annealing zone of apatite. All
thermal models are based on the combination of apatite fission-track data and (U-Th)/He data of zircon and
apatite, except of APM 87-08, where the AHe data was excluded because the single crystals were too small to get
reliable ages after Ft correction (Table 5.2). The black curve indicates the best fit, good fits are shown in dark
grey, and acceptable fits in light grey. Since the main model for ACON 28 does not show Cenozoic re-heating but
geologic evidence suggests that this occurred, an additional model is shown for Mesozoic to Cenozoic times (in red
box). This model forces burial using an extra constraint; the good fits show that this history is plausible. Note the
different x-axis for this model.

101



5

5.5. DISCUSSION

Figure 5.8: Schematic sketch
of the structural evolution of
the Sierra de Aconquija through
time (vertical exaggerated) bas-
ing on the thermochronological
data and the modelled time-
temperature history. PAZ =
partial annealing zone of ap-
atite, APRZ/ZPRZ = partial re-
tention zone of apatite/zircon
helium thermochronometer, red
arrows = intensity of erosion
and direction of sediment trans-
port, green arrows = exhuma-
tion/burial, bold black arrows =
tectonic regime. Numbers indi-
cate order of fault activity during
the Late Cenozoic, including the
uplift of the Sierra de Quilmes.
Further details are described in
the text.

102



5

5.5. DISCUSSION

During the Paleogene to the Miocene, samples from the western flanks of the Sierra de

Aconquija and the Cumbres Calchaqúıes underwent re-heating due to burial beneath foreland

basin sediments (Sobel & Strecker 2003). By analogy, samples ACON 20 to ACON 28 also

experienced by ∼60 ◦C of re-heating to a maximum temperature between around 160 ◦C for

ACON 20 and almost 200 ◦C for ACON 28 (Fig. 5.7). This burial is associated with sediment

deposits in a foreland basin, derived from deformation and exhumation of the Puna Plateau

during the early stage of the Andean orogeny (Fig. 5.8d; e.g. Reynolds et al. 2000; Mortimer

et al. 2007; del Papa et al. 2010) and potentially the elevated area (in the vicinity of ACON 29)

to the east (Fig. 5.8d). These deposits are presumably represented by the Foreland I sequence in

the Tucumán Basin where the lowest unit, the Paleogene-Neogene Aconquija Formation, overlies

Cretaceous strata (Iaffa et al. 2011). This approximately 1100-1400 m thick (rough calculation

basing on seismic data from Iaffa et al. (2011)) unit only crops out along the eastern margin of

the Sierra de Aconquija and is not documented by existing seismic data or outcrops in the Santa

Maŕıa Basin or in the El Cajón-Campo Arenal Basin, but the formation might be preserved in

the subsurface in these areas. Therefore, it is unclear whether deposition of this poorly dated

Cenozoic unit is related to the burial re-heating of samples ACON 20 to ACON 28 (Fig. 5.7).

Alternatively, the thermal model could underestimate the timing for the onset of re-heating.

Notably, sample ACON 29, located farther east, experienced less Late Cenozoic re-heating.

Continuing shortening lead to further uplift of the Puna as well as propagation of deformation

into the foreland in the Miocene (Fig. 5.8d; Sobel & Strecker 2003). The latter probably occurred

along a thrust east of sample ACON 29, causing not just sedimentary deposition in the western

area and the basin to the east but also lead to this sample being buried beneath deposits in

the Miocene (Fig. 5.8d) as suggested by re-heating to the PRZA shown by the thermal model

(Fig. 5.7).

In the Late Miocene the samples from the Sierra de Aconquija underwent fast cooling, hence

rapid exhumation (Fig. 5.7). The first ∼1 km of exhumation is related to stripping off the

sediments that formerly overlay this region (Sobel & Strecker 2003). In addition to west-vergent

thrusts on the western flank of the Sierra de Aconquija, deformation was accommodated by the

”ACON 29 thrust” during that time (Fig. 5.8e). As suggested by the ZHe ages, which are not

completely reset, this thrust was active slightly after 9 Ma (Figs. 5.5, 5.7), exhuming samples

ACON 20 to ACON 28 vertically above ACON 29 and generating the present sample configuration

(Fig. 5.8e). West-vergent thrusting uplifted the Sierra de Aconquija by approximately 2,000 m

between ca. 6 Ma and ca. 3 Ma; east-vergent thrusting apparently commenced earlier and is

ongoing. The range has acted as orographic barrier since ∼3 Ma (Fig. 5.8e; Sobel & Strecker

2003).

Since ca. 6 Ma eastward propagation of Andean deformation ceased in the area of the Sierra

de Aconquija (Mortimer et al. 2007), thus deformation was probably accommodated to a lower

amount by faults within this range, resulting in i) a compartmentalization of the foreland basin
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and ii) the exhumation and uplift of the Sierra de Quilmes (Fig. 5.8e; Mortimer et al. 2007).

Therefore, since the final cooling from below the lower temperature boundary of the PRZA to

surface temperatures of samples ACON 20 and ACON 28 is similar and more or less synchronous

to the final cooling of ACON 29 (Fig. 5.7), we propose that Late Cenozoic exhumation is mainly

caused by strong erosion controlled by a fault east of ACON 29, which, in addition to the western

main boundary fault, also generated final uplift of the mountain range (Fig. 5.8e).

Erosion on the eastern flank was enhanced after ∼3 Ma when the mountain range became

high enough to create an orographic barrier, resulting in a humid climate and an arid climate on

the eastern and western side, respectively (Fig. 5.8e; Sobel & Strecker 2003). The latter is also

supported by AFT ages from the Sierra de Aconquija and the Neogene sedimentary record in

the adjacent basins. Older AFT ages in the middle part of the western profile (Sobel & Strecker

2003) compared to the equivalent on the eastern side (Table 5.3) suggest that erosion significantly

slowed or even stopped at around 3 Ma on the arid western flank. This is in agreement with the

absence of Neogene deposits younger than the Coral Quemado Formation in the Santa Maŕıa

Basin (e.g. Bossi et al. 1999; Kleinert & Strecker 2001; Sobel & Strecker 2003), while erosion

probably still continues from the eastern slope into the Tucumán Basin (Iaffa et al. 2011).

Cenozoic burial and exhumation in the Sierra de Aconquija

Thermochronological data and the related thermal models of samples from the Sierra de Aconquija

indicate fast cooling/re-exhumation during the late Cenozoic (Fig. 5.7). In order to roughly

calculate the magnitude of this exhumation, a geothermal gradient must be assumed. One method

for combining data from multiple thermochronometers is to plot the data as a pseudovertical

section (Fig. 5.9; Reiners 2003). This approach assumes that the geothermal gradient has

remained roughly constant during cooling. Further, it also suggests that the maximum possible

geothermal gradient was ∼35 ◦C/km (Fig. 5.9; blue line). Such a gradient might have existed if

heat advection related to the Miocene volcanism in the Farallón Negro volcanic complex (Sasso

& Clark 1998) influenced samples in the Sierra de Aconquija. Although this high gradient cannot

be completely excluded, it seems unlikely, otherwise older fission-track samples reported by

Coughlin et al. (1998) would be expected to have been reset. Therefore, a value between 20 and

26 ◦C/km as also used by Sobel & Strecker (2003) is more appropriate.

Rapid cooling can cause advection of isotherms. To examine whether this is a concern at

Sierra de Aconquija, the program RESPTIME (Brandon et al. 1998) was used with appropriate

values. The results suggest that there would have been significant advection for 1-2 Ma following

the onset of cooling. This implies that the onset of cooling might have been earlier than the

apparent ZHe age; however, since this age may not have been completely reset, it is difficult to

constrain this onset age more precisely. This advection would also influence the precision of the

pseudovertical section approach.
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Figure 5.9: Age-elevation plots for samples from the Sierra de Aconquija used to estimate onset of exhumation. a)
Pseudovertical section for the zircon (U-Th)/He data and the apatite-fission-track data of the Sierra de Aconquija.
b) Age-elevation plot magnifying the youngest portion of the age-elevation plot to better show the age distribution.
The black dashed line shows the age-elevation path for ZHe; the black solid line and it’s dotted prolongation shows
the age-elevation path for the AFT data, both from the east side of the range. We calculate the position that the
ZHe curve would have if it was shifted upwards to approximate an AFT cooling path. The red line shows this curve
displaced upwards by 3.5 km by assuming a geothermal gradient of 20 ◦C/km as well as a closure temperature of
180 ◦C and 110 ◦C for the ZHe and AFT systems, respectively. The projection of the AFT path does not directly
intersect the projected ZHe curve at the age of the youngest ZHe age (9.4 Ma with the standard error marked by
the thick yellow line), thus suggesting that this sample is not completely reset and cooling commenced slightly
younger than 9.4 Ma. The blue line indicates minimum offset of the ZHe cooling curve, which is represented by
the intersection with the highest AFT sample (ACON 20). Assuming the same closure temperatures as above,
the elevation difference between this sample and ACON 28 (≈2000 m) implies a maximum geothermal gradient
of ∼35 ◦C/km, which is only plausible if Miocene volcanism in the Farallón Negro volcanic complex affected the
transect location.

Using the 20-26 ◦C/km geothermal gradient and a maximum Cenozoic re-heating temperature

(Tmax) enables calculation of a maximum burial depth. Since the ZHe age of sample ACON 28,
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which is situated to best record resetting (Fig. 5.5; Table 5.2), is strongly but not completely

annealed (Fig. 5.9), the maximum re-heating temperature had to be less than 200 ◦C (the upper

boundary of the PRZZ ,). Therefore, this sample was probably heated to as much as 190 ◦C during

the Cenozoic. This agrees well with the modelled Tmax for ACON 20, located ∼2100 m higher,

which had a maximal temperature of 160 ◦C (Fig. 5.7). Assuming a paleo-surface temperature of

17 ◦C, the maximum burial depth for sample ACON 20 was 5.5-7.2 km for a geothermal gradient

between 26 and 20 ◦C/km.

As mentioned above, Cenozoic re-exhumation of samples ACON 20 to ACON 28 commenced

slightly after 9 Ma (Fig. 5.9) through thrusting along the ”ACON 29 thrust”, which is presumably

characterised by a listric geometry, thus generating the Recent sample configuration (Fig. 5.8e).

The present vertical difference in elevation between ACON 20 and ACON 29 is ∼2.5 km (Table 5.3)

and there was a temperature difference of around 100 ◦C between both samples at 10-9 Ma

(Fig. 5.7), which is equivalent to 3.8-5 km for the assumed geothermal gradient. Therefore, there

has been a vertical offset of 6.3-7.5 km along the ”ACON 29 thrust” since that time.

Sample ACON 20 is now at an elevation of around 5 km a.s.l. and formerly was at depth of

6-8 km below the surface at ∼9 Ma. This area was at sea level at 12-13 Ma (e.g. Gavriloff &

Bossi 1992) and presumably remained close to sea level for the subsequent 3-4 Ma. Therefore, a

total vertical rock uplift of 10-13 km occurred since around 9 Ma, suggesting a long term rate

of 1.2-1.4 mm/a. These values agree well with the rate calculated by Sobel & Strecker (2003).

The surface uplift of the range crest was around 4-5 km and there had to be a maximum of

8 km of exhumation since that time. Although this is a huge rock column, which had to be

eroded, we propose that tectonic erosion related to the uplift of the Sierra de Aconquija as

well as climatically enhanced erosion on the eastern side of the range since ∼3 Ma facilitated

this exhumation. Further, post-Cretaceous sediment thicknesses of up to 4 km and 7 km in the

adjacent Santa Maŕıa Basin (González 2000) and Tucumán Basin (Iaffa et al. 2011), respectively,

support this interpretation.

Structural evolution of the Cumbres Calchaqúıes

In general, the evolution of the Cumbres Calchaqúıes is similar to that of the Sierra de Aconquija

(Fig. 5.8). However, initial cooling occurred earlier in the Paleozoic (Fig. 5.7), probably because

deformation was primarily accommodated by faults bounding the Cumbres Calchaqúıes during

the Famatinian Orogeny before the orogenic phase affected the area of the Sierra de Aconquija.

Therefore, a stronger relief could have been generated, at least in the area of the investigated

profile, causing erosion to be more effective during the late stage of that orogeny, leading to

exhumation into the PAZA as suggested by time-temperature paths (Fig. 5.7). Exhumation

within the area of the Cumbres Calchaqúıes during the Early Mesozoic (Fig. 5.7) is presumably

caused by Triassic rifting, which affected the whole area of the Sierras Pampeanas (e.g. Ramos
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et al. 2002).

Until the end of the Mesozoic, cooling stagnated and the samples stayed at a temperature

characterised by the PRZA (Fig. 5.7), indicating tectonic quiescence and relatively slow to no

erosion at least for this part of the Cumbres Calchaqúıes. In this time-period reduced erosion

and exhumation could either be explained by exposure of lithologies more resistant to erosion or

by a regional arid climate as suggested by Cretaceous carbonates and evaporates (Marquillas

et al. 2003).

Relatively more pronounced cooling than in the Jurassic-Middle Cretaceous commenced again

during the Late Cretaceous to Early Cenozoic (Fig. 5.7). During these times uplift of a Cretaceous

rift shoulder (Sobel & Strecker 2003) caused exhumation of the samples from below the upper

thermal boundary of the PRZA. Since Sobel & Strecker (2003) describe a similar situation for a

cross-section further south, we propose that the whole mountain range was characterised by slow

cooling from the Late Cretaceous to the Early Cenozoic. Subsequent re-heating (Fig. 5.7) is also

similar to the profile investigated by Sobel & Strecker (2003), suggesting that burial beneath

Miocene sediments affected the whole area of the Cumbres Calchaqúıes (similar to the Sierra de

Aconquija; Fig. 5.8e).

Final cooling and re-exhumation to surface temperature (Fig. 5.7) is mainly controlled by the

boundary faults of the Cumbres Calchaqúıes, which accommodated NW-SE compression related

to Andean deformation (Fig. 5.8e). The relatively old thermochronological ages (Tables 5.2, 5.3;

Figs. 5.4, 5.6) suggest that erosion was rather limited on the western flank of the Cumbres

Calchaqúıes since around 3 Ma due to the presence of an orographic barrier farther to the east,

by analogy with the Sierra de Aconquija (Sobel & Strecker 2003).

Cenozoic burial and exhumation in the Cumbres Calchaqúıes

As suggested above and described by Sobel & Strecker (2003), similar to the Sierra de Aconquija,

the Cumbres Calchaqúıes was also affected by Cenozoic re-heating beneath sediments derived

from the west (Fig. 5.7). The maximum temperature reached through burial was around 50-85

◦C (Fig. 5.7), which is significantly lower than that for samples from the Sierra de Aconquija.

Assuming the same geothermal gradient as for the latter, ranging from 20-26 ◦C/km, and the

same paleo-surface temperature (17 ◦C) the maximum temperature of 50-85 ◦C is equivalent to

a burial thickness of 1.2-3.4 km. This agrees well with the observed ∼4 km thick sedimentary

Santa Maŕıa Group in the Santa Maŕıa Basin to the west (González 2000) and its stratigraphic

equivalent in the Choromoro Basin to the east, the India Muerta Formation (Bossi et al. 1999).

The erosion rate has been very low in the Cumbres Calchaqúıes since around 3 Ma (Sobel &

Strecker 2003). Considering sample APM 75-08, near the crest of the range at an elevation

of around 3.5 km (Table 5.3) a total of 4.7-6.9 km vertical rock uplift occurred since the Late

Cenozoic. The crestal surface uplift was around 3 km and there has been at least 1.7-3.9 km
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of exhumation, primarily prior to 3 Ma. Tectonically-driven erosion during uplift of the range,

commenced slightly earlier than in the Sierra de Aconquija as suggested by the time-temperature

history (Fig. 5.7).

Spatial thermochronological age distribution in the basement ranges

In general the ZHe, AFT, and AHe thermochronological ages are distinctly older in the Cumbres

Calchaqúıes than in the Sierra de Aconquija (Fig. 5.10). Additionally, spatial variations of

these ages is probably closely associated with deformation along secondary faults mainly striking

NW-SE, hence sub-perpendicular to the main boundary faults within both mountain ranges

(Figs. 5.2, 5.10).

In the Cumbres Calchaqúıes the ages of all systems decrease towards the south (Fig. 5.10)

from the profile investigated in this study to the cross-section described by Sobel & Strecker

(2003). We interpret this decrease to be caused by a primarily synchronous exhumation of both

areas during the Famatinian Orogeny followed by thrusting the northern part obliquely onto the

area further south along the intervening NW-SE striking right lateral transpressional Tucumán

Transfer Zone (TTZ; Figs. 5.2, 5.10; de Urreiztieta et al. 1996; Roy et al. 2006). Relative uplift of

the northern part of the range generated enhanced erosion there, in contrast to limited amounts

of burial in the south during the Cenozoic as suggested by cooling models developed by Sobel &

Strecker (2003) as well as this study (Fig. 5.7). Since the Late Miocene both areas developed

synchronously, characterised by slow erosion, thus slow exhumation. Therefore, the observed

differences in thermochronological ages between the northern and southern part (Fig. 5.10) were

preserved during final exhumation.

In contrast to the Cumbres Calchaqúıes, the spatial-temporal distribution of all thermochronome-

ters generally alternates from north to south within the Sierra de Aconquija (Fig. 5.10). There

is a decrease in age from the northern tip of the range (APM 80-08) towards minimum ages

within the cross-section investigated during this study followed by an increase to the profile in the

SW described by Coughlin et al. (1998) (Figs. 5.2, 5.10). As mentioned above, the ages on the

eastern side of the middle part are related to a humid climate since at least 6 Ma causing strong

erosion of the ”ACON 29 thrust” hangingwall, hence continuous exhumation since that time,

which in turn results in these very young ages (Fig. 5.10). Contrastingly, AFT- and AHe-ages

from the northern and southern portions of the range are partially reset and show slow cooling

from the Cretaceous to the Early Cenozoic (Figs. 5.10b, 5.10c). These relatively older ages are

probably associated with tectonic deformation coupled to less-efficient erosion. A simple way to

interpret this late Cenozoic exhumation pattern is a bow-shaped displacement distribution, with

the largest amount of exhumation in the center of the structure, decreasing to either end (e.g.

Shumin & Dixon 1991).
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Figure 5.10: Lateral distri-
bution of a) ZHe, b) AFT,
and c) AHe ages in the study
area. The contours were gen-
erated by interpolation us-
ing the inverse distance to
power method, which is im-
plemented in the software pro-
gram Surfer from Golden Soft-
ware Incorporation. The in-
terpolation was performed for
the structural blocks sepa-
rately; the bordering faults
are indicated by yellow lines
(sources: 1:500.000 geological
maps from Salta, Tucumán,
and Catamarca González et al.
1994; Mart́ınez 1995; Salfity
& Monaldi 1998). In the up-
per right, schematic sketches
show the horizontal age gradi-
ents (Ma/km) from the Cum-
bres Calchaqúıes to the Sierra
de Aconquija; morphologic
changes are not considered.
The blue stars mark the age
cluster/point used for calcula-
tion. A positive or negative
prefix indicates an increase or
a decrease in age, respectively.
Age trends that are extrapo-
lated from partially reset sam-
ples illustrate the exhumation
gradient of the ranges.

5.5.3 Regional implications of thermochronological data from sedimentary

basins and the Puna Plateau

The thermochronological data of samples from the Sierra de Calalaste, the El Cajón-Campo

Arenal Basin, and the Choromoro Basin generally confirm the regional cooling/exhumation

history described above. Since the samples from the Sierra de Calalaste yield (U-Th)/He ages

between the Cretaceous and the Early Cenozoic, their exhumation is probably associated with
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the uplift of the early Puna, confirming that this area was characterised by a positive topography

in the Early Cenozoic providing sediments to the unbroken foreland (Fig. 5.8d).

The thermochronological ages of the basement samples from the margins of the El Cajón-

Campo Arenal Basin (CAJ 03 and CAJ 04) indicate slow exhumation of this area during the

Cenozoic and the Late Cretaceous (Table 5.4). The ZHe data from the schist sample CAJ 04

suggest that the minimum age of the metamorphic overprint here was older than 254± 20 Ma

(Table 5.4). Exhumation of this sample was presumably influenced by Cretaceous rifting, whereas

the slightly younger ages from sample CAJ 03 suggest that this area was less affected by this

event.

Table 5.4: Summary of thermochronologic data from the El Cajón basin and the Sierra de Quilmes.

ZHe AFT AHe

Sample
Depositional
age

Ft-corr.
[Ma]

±2σ
[Ma]

Unwei.
average

±2σ
[Ma]

Age
[Ma]

±1σ
[Ma]

P(χ2)
(%)

Ft-corr.
[Ma]

±2σ
[Ma]

Unwei.
average

±2σ
[Ma]

CAJ 03 granite 55.4 1.9 7 37.3 2.7 37.3 2.7

CAJ 04
schist 255.1 19.4 81.9 2.8 64.0 21.8

252.8 20.2 254.0 19.9 97 81.6 8.9 72.8 15.3

CAJ 06

<10.7±1.7 12.7 1.1 44.2 3.6 0 81.8 4.8
Seq 1 12.3 0.8 103.4 6.3 92.6 5.6

10.8 0.7
11.5 0.7 11.8 0.8

CAJ 44
<10.7±1.7 13 0.8 16 1.3 0 9.6 0.8

Seq 1 12.4 0.7 9.9 0.6 9.7 0.7
10.5 0.7 12.0 0.7

CAJ 12
10.7±1.7 to 5.71±0.4 11.2 0.7 26.8 2.5 0 10.5 1.2

Seq 2 13.5 0.9 12.3 0.8 7.4 0.6 9.0 0.9

CAJ 48
<5.71±0.4 285.3 21.6 49.5 2.6 0 22.8 2.0

Seq 4 328 23.7 306.6 22.6 20.6 1.9
25.9 1.8 23.1 1.9

Notes: Deposition sequences, depositional age constraints, detrital populations, and AFT data from Mortimer et al. (2007). The sedimentary
sequence contains several volcanic ash layers and also reworked ashes, thus the sampled sandstones contain young volcanically-derived crystals.
Unwei. average = unweighted average.

Although the AFT data from all four sedimentary samples fail the chi squared test, their

single-grain ages have been divided into four detrital populations as well as an inferred detrital

volcanic population by Mortimer et al. (2007). The obtained ZHe and AHe ages from these

samples further refine depositional ages within the El Cajón-Campo Arenal Basin. The ZHe age

of CAJ 06 (11.8± 0.8 Ma; Table 5.4) indicate that the zircon crystals were probably derived from

syn-sedimentary ashes. Therefore, the depositional age is likely to be closer to the unweighted

average ZHe age than to the depositional age of <10.7± 1.7 Ma recommended by Mortimer et al.

(2007) suggesting that the base of sequence 1 is older than 11 Ma. The young single grain ZHe

and AHe ages farther up-section represent either syn-sedimentary or recycled ashes; the AHe

ages are typically younger. However, it is risky to draw strong conclusions from just one or two

AHe crystals, so we refrain from further interpreting these results.

The older AHe single grain ages from CAJ 04 and CAJ 06 were likely derived from the same

detrital population D4 proposed by Mortimer et al. (2007), which is typical of the regional

basement erosion surface exposed nearby (CAJ 04; Fig. 5.2a). Contrastingly to these relatively

young ages, the ZHe ages from CAJ 48 (Tables 5.2, 5.4) represent crystals that have been eroded

from Paleozoic units. The regional basement erosion surface around CAJ 04 is a potential source.

The AHe ages from this sample are consistent with the AFT D2 path proposed by Mortimer
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et al. (2007), which could have been derived from the Sierra de Chango Real, which is located to

the west-southwest along the margin of the Puna (Fig. 5.2a). This area yield AFT ages between

38 and 29 Ma, indicative of rapid cooling (Coutand et al. 2001).

Although the number of grains analysed with U-Th/He is clearly insufficient to make a robust

interpretation, this data serves to refine the depositional ages within the basin, as mentioned

above. The ages that do not represent ashes can be closely linked to the surrounding topography,

suggesting limited transport distances.

Finally, although the most eastern sample (CHOM 02) from the Choromoro Basin preserves

a detrital AFT age, which might be related to erosion of topography generated during the

Famatinian Orogeny, at least the ages from CHOM 01 from the western part of the basin confirm

our interpretation of exhumation and uplift through time (Fig. 5.8). The AHe ages from CHOM

02 suggest that this sample resided within the PAZA during the Cenozoic. Since CHOM 01 is

partially annealed, the sample was probably affected by burial beneath sediments during the

Cretaceous to Early Cenozoic. These deposits were derived from a slightly elevated area during

that time, which could be represented by the Cumbres Calchaqúıes.

5.6 Conclusions

(1) Initial cooling and exhumation within the region of the Sierra de Aconquija commenced

during the late stage of the Famatinian Orogeny between the Devonian and the Carboniferous,

which produced a more pronounced relief and hence different amounts of exhumation in the

eastern area compared to the western part.

(2) During the Mesozoic time the western part of the Sierra de Aconquija experienced less

exhumation than the eastern portion of the range due to lithological and climatic differences.

(3) During the Cenozoic the Early Puna was uplifted triggering erosion. The resulting sediment

was deposited in an unbroken foreland basin, resulting in ∼60 ◦C of burial re-heating in the

western part of the Sierra de Aconquija.

(4) In the Late Miocene, slightly after 9 Ma, Andean deformation was accommodated by the

”ACON 29 thrust” in the area of the Sierra de Aconquija, resulting in significant exhumation.

This compression generated the present configuration of the sample sites, and uplifted the

range.

(5) Final cooling of all samples on the eastern side of the Sierra de Aconquija generally occurred

synchronously controlled by a bounding fault along the eastern range margin. Erosion was

enhanced there since ∼3 Ma when the mountain range became an orographic barrier between

humid and arid areas east and west of the range, respectively.
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(6) Overall 10-13 km of vertical rock uplift occurred at the Sierra de Aconquija since around 9 Ma;

the crestal surface uplift was around 4-5 km and the maximum exhumation was between 6

and 8 km.

(7) Initial cooling through ∼320 to ∼110 ◦C of the Cumbres Calchaqúıes occurred relatively earlier

during the Paleozoic than in the Sierra de Aconquija, because the Famatinian deformation

was primarily accommodated by faults bounding the former range before the area of the

latter was affected.

(8) During the Mesozoic, very slow erosion and limited exhumation of the Cumbres Calchaqúıes

occurred due to an arid climate.

(9) Exhumation in the Cumbres Calchaqúıes during the Late Cretaceous to Early Cenozoic is

related to the uplift of a Cretaceous rift-shoulder.

(10) During the Cenozoic the evolution of this area was similar to the Sierra de Aconquija, affected

by re-heating caused by burial beneath Miocene sediments.

(11) Final cooling and re-exhumation to surface temperatures of the Cumbres Calchaqúıes during

the Miocene is controlled by range bounding faults accommodating NW-SE compression.

(12) A total of 4.7-6.9 km vertical rock uplift occurred in the Cumbres Calchaqúıes since the

Late Cenozoic, whereupon the crestal surface uplift was around 3 km and the maximum

exhumation was 1.7-3.9 km.

(13) The thermochronological data from basement and sedimentary samples from the Sierra de

Calalaste, the El Cajón-Campo Arenal Basin, and the Choromoro Basin generally confirm

the regional cooling/exhumation history of the mountain ranges.
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Chapter 6

Synthesis

In order to develop an overall cooling history as well as a structural evolutionary model for

the entire Sierras Pampeanas, the individual models from the different regions of the Pampean

ranges, i.e. the Eastern Sierras Pampeanas (Ch. 3), the Western Sierras Pampeanas (Ch. 4),

and the northern Pampean ranges (Ch. 5), are summarised and combined in this Chapter.

Additionally, further integrated thermal modelling, based on the thermochronometers mentioned

in the chapters before (Ch. 2, 3, 4, and 5) was applied on samples from areas, which were not

yet considered, e.g. the Sierra de Varela (Fig. 6.1a), the Sierra de Pocho (Fig. 6.1b), and Cantera

Green (Fig. 1.2). These new results are critical discussed in context of an overall cooling history

and a structural model as well as the evolution of erosion surfaces in the Sierras Pampeanas

within this Chapter, essentially supporting and refining the ideas concluded from the evolution

within the Eastern and Western Sierras Pampeanas as well as the northern Pampean ranges.

Figure 6.1: Pictures of two mountain ranges, which were not considered in the chapters before. a) Sierra de
Varela and b) parts of the Sierra de Pocho.
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6.1 Introduction

Thermochronological dating methods such as apatite fission-track as well as (U-Th)/He of zircon

and apatite are well appropriate to investigate the thermal evolution of the upper crust below

∼200 ◦C (e.g. Farley et al. 1996). The integration of the detected thermal histories of the

basement blocks and the sedimentary record in the surroundings of the investigated areas allow

to reveal the thermal and tectonic evolution of the shallow crust (e.g. Gallagher et al. 1998;

Farley 2002; Ehlers & Farley 2003; Löbens et al. 2011).

The Sierras Pampeanas in central and north-western Argentina constitutes a morphotectonic

region of N-S trending mountain ranges separated by intermountain basins (Fig. 6.2;e.g. González

Bonorino 1950; Caminos 1979; Jordan & Allmendinger 1986; Ramos et al. 2002). The study area

is composed of twelve main basement-blocks of Neoproterozoic to Early Paleozoic igneous and

metamorphic rocks (e.g. González Bonorino 1950; Caminos 1979; Gordillo & Lencinas 1979),

constituting the Pampean ranges (Jordan & Allmendinger 1986).

Those ranges were affected by Early Cenozoic crustal shortening (e.g. Benjamin et al. 1987;

Noble et al. 1990; Carrapa et al. 2011) related to the westward subduction of the Nazca Plate

beneath the South American Plate. Deformation results in a thick-skinned thrust belt (Jordan

& Allmendinger 1986), which is characterised by the uplift of the eastern margin of the Puna

Plateau in the northern part of the Pampean ranges (Isacks 1988; Jordan & Alonso 1987)

and presumably by the uplift of the Sierra de Pie de Palo in the Western Sierras Pampeanas

(Löbens et al. submitted b) at that time. During the Neogene incorporation of the aseismic Juan

Fernández Ridge into the subduction generated a flattening of the subduction angle in the area

of 27-33◦ S (e.g. Barazangi & Isacks 1976; Pilger 1981; Jordan et al. 1983; Yáñez et al. 2001).

This flat-slab subduction is interpreted to cause the exhumation and uplift of the individual

mountain ranges as well as to control the type of deformation within the Sierras Pampeanas

along Late Proterozoic-Early Paleozoic major crustal discontinuities being inverted during the

Andean deformation (e.g. Jordan et al. 1983; Yáñez et al. 2001).

Exhumation processes can be qualitatively and quantitatively constrained by integrated cooling

paths enabling the development of a time-dependant structural and surficial evolutionary model

for a region (e.g. Löbens et al. 2011; Bense et al. submitted a). So far, such models exist either

only for individual mountain ranges within the Sierras Pampeanas (e.g. Sobel & Strecker 2003;

Mortimer et al. 2007; Löbens et al. 2011; Bense et al. submitted a; Löbens et al. submitted a),

or they are just based on thermochronological data lacking modelled time-temperature paths

(Jordan et al. 1989). Therefore, the aim of this paper is to combine evolutionary models of

basement ranges, developed on base of thermochronological data and thermal histories from

the Eastern, Western and northern Sierras Pampeanas (e.g. Löbens et al. 2011; Bense et al.

submitted a; Löbens et al. submitted b; Sobel & Strecker 2003; Löbens et al. submitted a), with

new apatite fission-track and zircon and apatite (U-Th)/He cooling ages, in order to develop a
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time-dependant cooling model for the whole Sierras Pampeanas.

Figure 6.2: a) SRTM-3 digital elevation model of the Sierras Pampeanas showing location of samples discussed
in this study. Black dashed lines mark boundaries of tectonic provinces according to Hilley & Coutand (2010).
b) magnification of the San Francisco del Monte de Oro area. Black dashed lines mark boundaries of tectonic
provinces according to Hilley & Coutand (2010).
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6.2 Geologic setting

The Sierras Pampeanas in central and northwestern Argentina constitute several individual

mountain ranges representing tectonic blocks of crystalline basement. The crystalline basement

is mainly characterised by metamorphic and granitic rocks, i.e. low- to medium-grade schists,

amphiboles and gneisses (e.g. González Bonorino 1950; Caminos 1979; Gordillo & Lencinas 1979),

formed during multiple Late Proterozoic and Middle Paleozoic events. Those events are related

to the accretion of different allochthonous and parautochthonous terranes during the Pampean,

Famatinian and Achalian Orogeny. The tectonometamorphic evolution and associated ductile

deformation of the basement is considered to be completed by Early Carboniferous times (e.g.

Ramos 1988; Ramos et al. 2002; Steenken et al. 2004; Miller & Söllner 2005; Ramos 2008).

During Late Paleozoic to Mesozoic times deposition of non-marine strata, mainly in the

Western Sierras Pampeanas occurred. The Upper Paleozoic to Lower Mesozoic strata of the

Paganzo Basin (e.g. Gonzalez & Aceñolanza 1972) formed due to extension during the orogenic

collapse following the Early Paleozoic orogenic mountain building (Mpodozis & Ramos 1989;

Ramos et al. 2002) and is mainly restricted to the south-western parts of the Sierras Pampeanas

(Salfity & Gorustovich 1983).

During the Mesozoic two extensional reactivations of terrane boundaries affected the basement

of the Sierras Pampeanas, leading to an irregular sedimentary basement cover with variable,

locally up to 5000 m, thicknesses (e.g. Jordan et al. 1983; Schmidt et al. 1995). The first

extensional event, occurred during Late Triassic to Early Jurassic times, lead to deposition of

non-marine sediments in localised depocentres, mainly located along a NNW-trending series of

basins, i.e. along the Valle Fértil Fault in the western part of the Sierras Pampeanas, e.g. the

Ischigualasto, Marayes, Las Salinas and Beazley Basins (Criado Roque et al. 1981; Aceñolanza &

Toselli 1988; Ramos et al. 2002).

The second extensional event occurred during Early Cretaceous times, linked to the opening

of the South Atlantic Ocean at these latitudes (Schmidt et al. 1995; Rossello & Mozetic 1999).

Major but narrow rift basins developed along the eastern and western margin of the Pampia

terrane, e.g. along the western side of the Sierra Chica de Córdoba and the Sierra Valle Fértil.

These basins contain accumulated sediment thicknesses of up to 2000-2500 m (e.g. Santa Cruz

1979; Gordillo & Lencinas 1979; Criado Roque et al. 1981; Battaglia 1982; Jordan et al. 1983;

Schmidt et al. 1995; Gardini et al. 1996; Costa et al. 2000, 2001b; Ramos et al. 2001, 2002).

Due to subsequent erosion, the original extend of those Mesozoic depocentres is not well known

(Furque 1968; Gonzalez & Aceñolanza 1972; Ramos 1982; Salfity & Gorustovich 1983; Jordan

et al. 1983). However, the quite asymmetrical patterns of Mesozoic cover sediments indicate that

large areas of the central and eastern Sierras Pampeanas had little or no sedimentary cover (e.g.

Jordan et al. 1983; Schmidt et al. 1995; Löbens et al. 2011).

The Mesozoic extensional fault systems were reactivated and inverted during the Cenozoic
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Andean compression caused by the subduction of the Nazca Plate beneath the South American

Plate. During Miocene times (18-11 Ma) the Juan Fernández Ridge was incorporated into the

subduction of the Nazca Plate beneath the South American Plate (e.g. Gutscher et al. 2000;

Yáñez et al. 2001). The collaterally shortening and flattening of the Nazca Plate subduction angle

(Stauder 1973; Barazangi & Isacks 1976; Pilger 1984) is interpreted to have led to reactivation and

inversion of Mesozoic extensional fault systems, causing uplift and deformation of the Pampean

basement blocks. The geometry of these reverse faults and thrusts is mainly controlled by

the orientation of the Late Proterozoic to Paleozoic structures, resulting in dominantly east-

dipping structures. The preferred fault orientation is also morphologically expressed by a distinct

asymmetry of the Pampean basement blocks, with generally steep dipping western (fault-facing

side) and gentle dipping eastern slopes (fault-averted side; e.g. González Bonorino 1950; Gordillo

& Lencinas 1979; González Dı́az 1981; Jordan & Allmendinger 1986; Introcaso et al. 1987; Costa

& Vita Finzi 1996; Ramos et al. 2002).

6.3 Methodology

Utilizing a combination of several thermochronometers, i.e. apatite fission-track (AFT) as well

as (U-Th)/He dating of zircon and apatite (ZHe and AHe, respectively) is an effective approach

to reconstruct thermal history of the upper crust below 200 ◦C, what is equivalent to 10-7.7 km

of exhumation assuming a geothermal gradient between 20-26 ◦C/km (e.g. Farley et al. 1996).

The temperature interval of the AFT system is sensitive for the so called partial annealing zone

(PAZA; e.g. Gleadow & Fitzgerald 1987), which ranges from 110 ◦C to 60 ◦C for typical apatite

affected by moderate cooling rates (e.g. Ketcham et al. 1999; Laslett et al. 1987). The comparable

temperature range for the (U-Th)/He systems, the partial retention zone (PRZ; e.g. Baldwin &

Lister 1998; Wolf et al. 1998), is 200-160 ◦C and 80-55 ◦C for zircon (PRZZ) and apatite (PRZA),

respectively (Farley 2000; Reiners et al. 2004). Since these temperature intervals strongly depend

on the retentivity of radiogenic helium and fission-tracks in the zircon and apatite, the grain

size, crystal morphology, effective uranium content, and cooling rate retention behaviour directly

affect these temperature ranges (e.g. Wolf et al. 1996; Ehlers et al. 2003; Reiners & Brandon

2006). For the AFT, the kinetic parameter, usually expressed by the chlorine content or by the

etch pit diameter (Dpar) of fission-tracks control the retention behaviour (Donelick et al. 1999;

Ketcham et al. 1999).

In this study, basement samples from the Sierra de Pocho, the Conlara Valley including the

Sierra del Morro, the Sierras de Córdoba, the Sierra de El Gigante, the Sierra de Varela, Cantera

Green, the Sierra Valle Fértil and the Sierra de la Huerta were analysed using the ZHe and AHe

dating systems (Fig. 6.2). Corresponding apatite fission-track data were obtained from samples

of the Sierra de Pocho, the Conlara Valley, the Sierra del Morro, the Sierras de Córdoba, the

Sierra de El Gigante, the Sierra de Varela, and Cantera Green (Fig. 6.2). The mineral separation
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and analytical procedures applied are described in detail by Löbens et al. (2011) as well as in

Chapter 2 and the Appendix (Ch. A).

6.4 Results

Zircon (U-Th)/He ages

ZHe ages from twenty samples were obtained during this study. Analytical results are displayed

in Table 6.1 and sample locations are shown in Figure 6.2.

The ages of samples from the Sierra Valle Fértil range from the Early Carboniferous (352.8 Ma;

APM 15-09) to the Early Triassic (244.5 Ma; APM 12-09), becoming progressively younger from

north to south.

Three basement samples, collected in the Sierra de El Gigante, yield ages ranging from the

Early Permian (293 Ma; APM 51-08) in the west to the Middle Cretaceous (105.3 Ma; APM

02-09) in the east. Samples from the southernmost expressions of the Sierras Pampeanas, i.e.

the Sierra de Varela and the Cantera Green area, yield Late Triassic ages (211.8 Ma; APM 28-08

and 202.2 Ma; APM 20-09, respectively).

Samples from the Conlara Valley region, between the Sierras de San Luis and Comechingones,

range from the Late Carboniferous (306.8 Ma; AUY 27-10) to the Late Triassic (205.8 Ma; AUY

30-10).

Samples collected along an elevation profile in the Sierra de Pocho (Fig. 6.3) yield Late

Carboniferous (307.7 Ma; APM 55-08) to Early Permian (280.8 Ma; APM 59-08) ages.

The five samples from the San Francisco del Monte de Oro profile yield ages from the Late

Carboniferous (304.2 Ma; APM 45-08) to the Middle Triassic (237.3 Ma; APM 39-08).

Individual samples from the Sierra de Comechingones (APM 02-08, AUY 49-10) show Middle

to Late Triassic ages (222.7 Ma and 234.3 Ma, respectively).

Table 6.1: Zircon and apatite (U-Th)/He data.

He 238U 232Th Sm

Sample

(Lithology)

vol.

[ncc]

1σ

[%]

mass

[ng]

1σ

[%]

mass

[ng]

1σ

[%]

mass

[ng]

1σ

[%]
Ft

Unc.

[Ma]

Corr.

[Ma]

2σ

[Ma]

Mean

±2σ [Ma]

zircon

APM 02-08 15.02 1.7 0.67 1.8 0.13 2.4 0.03 22 0.76 176.2 176.2 8.3

(migmatite) 80.20 1.6 2.41 1.8 0.86 2.4 0.28 21 0.82 248.4 248.4 11.4

32.44 1.6 1.00 1.8 0.35 2.4 0.06 22 0.84 243.6 243.6 11.3 222.7 10.3

APM 20-08 14.38 1.6 5.01 1.8 1.19 2.4 0.25 10 0.79 220.8 278.7 21.7

(gneiss) 66.67 1.6 3.04 1.8 0.79 2.4 0.16 10 0.76 168.6 222.2 19.1

37.97 1.6 1.25 1.8 0.49 2.4 0.03 10 0.79 226.2 284.5 21.9

67.28 1.6 2.60 1.8 0.34 2.4 0.04 10 0.75 203.8 271.5 24.0 264.2 21.7

APM 28-08 82.13 1.6 2.90 1.8 0.63 2.4 0.22 6 0.79 218.9 276.4 21.5

(gneiss) 39.85 1.6 2.19 1.8 0.19 2.4 0.15 20 0.74 146.1 197.7 18.1

62.31 1.6 4.03 1.8 0.55 2.4 0.53 20 0.74 122.8 164.9 14.8

continued on next page
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Table 6.1 – continued from previous page

He 238U 232Th Sm

Sample

(Lithology)

vol.

[ncc]

1σ

[%]

mass

[ng]

1σ

[%]

mass

[ng]

1σ

[%]

mass

[ng]

1σ

[%]
Ft

Unc.

[Ma]

Corr.

[Ma]

2σ

[Ma]

Mean

±2σ [Ma]

16.61 1.6 7.63 1.8 1.02 2.4 0.87 5 0.83 172.0 208.2 14.6 211.8 17.3

APM 39-08 61.17 1.6 2.62 1.8 0.89 2.4 0.39 5 0.73 176.0 241.7 22.6

(granitoid) 53.19 1.6 2.08 1.8 1.12 2.4 0.35 5 0.77 185.1 238.9 19.4

81.00 1.6 3.30 1.8 1.63 2.4 0.29 5 0.78 179.4 231.3 18.8 237.3 20.3

APM 40-08 55.49 1.6 1.92 1.8 1.01 2.4 0.11 8 0.79 209.5 266.8 21.0

(granitoid) 132.29 1.6 4.19 1.8 1.97 2.4 0.73 7 0.81 230.4 283.1 20.4

54.94 1.6 1.88 1.8 0.82 2.4 0.17 7 0.78 215.8 277.5 22.4

46.79 1.6 1.63 1.8 0.73 2.4 0.09 8 0.75 210.5 281.5 24.9 277.2 22.2

APM 45-08 172.10 1.6 5.87 1.8 0.83 2.4 0.26 5 0.82 230.2 280.9 20.1

(migmatite) 492.65 1.6 13.84 1.8 4.44 2.4 1.21 5 0.83 267.6 320.9 21.8

289.40 1.6 7.34 1.8 3.36 2.4 0.78 5 0.84 287.3 343.9 23.1

192.05 1.6 6.77 1.8 1.50 2.4 0.28 5 0.84 218.9 260.0 17.3

322.69 1.6 9.06 1.8 2.90 2.4 1.43 5 0.85 267.6 315.5 20.4 304.2 20.5

APM 46-08 88.30 1.6 3.75 1.8 1.34 2.4 0.13 6 0.83 177.1 213.4 14.6

(granitoid) 307.45 1.6 7.88 1.8 3.50 2.4 1.03 6 0.87 285.2 326.3 19.3

558.32 1.6 25.90 1.8 9.67 2.4 4.39 6 0.89 161.6 182.1 10.4 240.6 14.8

APM 47-08 81.73 1.6 2.69 1.8 0.77 2.4 0.22 5 0.84 230.9 275.8 18.5

(migmatite) 196.06 1.6 7.00 1.8 1.33 2.4 0.50 5 0.84 217.7 260.6 17.7

509.75 1.6 2.08 1.8 1.64 2.4 0.43 5 0.82 168.4 205.2 14.3 247.2 16.8

APM 51-08 85.11 1.6 3.32 1.8 0.66 2.4 0.24 5 0.79 199.0 250.6 19.4

(schist) 25.00 1.6 0.82 1.8 0.26 2.4 0.02 21 0.76 231.3 304.4 26.1

18.86 1.6 0.58 1.8 0.22 2.4 0.07 22 0.75 243.6 324.0 28.4 292.9 24.6

APM 55-08 22.79 1.6 0.83 1.8 0.22 2.4 0.11 9 0.74 210.9 283.9 25.6

(granitoid) 52.24 1.6 1.79 1.8 0.24 2.4 0.04 9 0.79 229.3 289.3 22.6

95.55 1.6 2.65 1.8 0.23 2.4 0.02 10 0.83 284.9 344.0 24.1

41.81 1.6 1.32 1.8 0.06 2.4 0.02 10 0.80 253.8 318.9 24.7

29.96 1.6 1.03 1.8 0.12 2.4 0.04 10 0.76 230.4 302.3 25.9 307.7 24.6

APM 59-08 84.59 1.6 2.34 1.8 1.30 2.4 0.11 5 0.86 259.1 302.4 18.9

(phyllite) 63.23 1.6 2.15 1.8 0.84 2.4 0.13 6 0.84 218.9 259.1 16.9 280.8 17.9

APM 12-09 44.26 1.6 11.09 1.8 4.30 2.4 0.47 10 0.88 295.0 334.2 19.3

(gneiss) 139.40 1.6 3.82 1.8 1.55 2.4 0.14 10 0.84 269.5 322.3 21.6

371.67 1.6 9.18 1.8 3.34 2.4 0.33 11 0.86 300.6 348.7 21.6

138.09 1.6 3.48 1.8 1.63 2.4 0.08 11 0.85 288.5 340.9 22.1 336.5 21.2

APM 15-09 1132.82 1.6 24.17 1.8 14.85 2.4 0.45 14 0.89 329.6 369.2 20.4

(granitoid) 412.56 1.6 10.63 1.8 5.37 2.4 2.93 14 0.84 279.9 331.4 21.6

229.75 1.6 5.52 1.8 2.43 2.4 0.13 8 0.84 304.3 364.3 24.5

272.57 1.6 6.66 1.8 3.54 2.4 0.17 8 0.85 293.7 346.3 22.3 352.8 22.2

APM 16-09 142.10 1.6 4.98 1.8 2.89 2.4 0.05 9 0.83 204.4 247.3 17.1

(amphibolite) 138.50 1.6 4.74 1.8 2.37 2.4 0.06 9 0.82 212.4 259.4 18.4

24.66 1.6 0.81 1.8 0.47 2.4 0.00 15 0.83 218.0 264.0 18.2

42.82 1.6 1.88 1.8 0.90 2.4 0.03 10 0.81 167.0 207.4 15.4 244.5 17.3

APM 20-09 628.19 1.6 27.28 1.8 0.85 2.4 0.16 9 0.76 186.2 244.0 20.9

(granitoid) 246.58 1.6 19.76 1.8 0.18 2.4 0.16 9 0.63 102.3 161.7 19.4

403.83 1.6 24.36 1.8 1.12 2.4 0.34 9 0.78 134.2 172.8 14.2

293.96 1.6 12.99 1.8 0.23 2.4 0.21 9 0.80 183.7 230.2 17.8 202.2 18.1

AUY 27-10 80.87 1.6 2.23 1.8 0.46 2.4 0.01 12 0.84 279.1 333.4 22.5

(granitoid) 94.63 1.6 3.14 1.8 0.18 2.4 0.04 10 0.86 240.9 280.2 17.8 306.8 20.2

AUY 29-10 18.99 1.7 0.70 1.8 0.24 2.4 0.01 12 0.74 204.4 275.7 24.9

(migmatite) 275.7 24.9

AUY 30-10 15.59 1.7 0.40 1.9 1.80 2.4 2.59 10 0.86 150.5 175.6 10.9

(granitoid) 230.19 1.6 8.80 1.8 3.87 2.4 0.82 10 0.87 192.9 221.8 13.3

173.92 1.6 7.21 1.8 1.78 2.4 0.66 10 0.84 185.8 220.1 14.5 205.8 12.9

AUY 38-10 123.49 1.6 4.11 1.8 1.57 2.4 0.12 10 0.80 224.1 279.7 21.1

(phyllite) 223.80 1.6 6.27 1.8 1.39 2.4 0.21 11 0.82 274.2 334.9 24.0

33.16 1.7 0.86 1.8 0.22 2.4 0.02 23 1.00 292.7 292.7 13.7 302.4 19.6

AUY 49-10 40.92 1.6 1.41 1.8 0.91 2.4 0.01 9 0.80 205.3 257.3 19.4

(gneiss) 32.74 1.6 1.07 1.8 0.39 2.4 0.02 9 0.81 228.4 282.7 20.9

7.28 1.7 0.41 1.8 0.14 2.4 0.02 8 0.82 134.3 162.9 11.5 234.3 17.3

apatite

APM 02-08 7.910 1.7 0.530 1.8 0.010 3.8 1.110 2 0.83 119.4 144.3 10.2

(migmatite) 1.200 1.9 0.080 2.0 0.000 186.6 0.570 2 0.85 115.1 135.0 9.3 139.7 9.8

APM 20-08 2.716 1.7 0.120 1.9 0.010 3.4 0.540 2 0.91 179.2 197.0 11.0

(gneiss) 1.881 1.8 0.100 1.9 0.010 3.9 1.010 2 0.93 139.7 150.5 8.1

1.319 1.9 0.060 2.1 0.010 4.2 0.420 2 0.93 179.5 193.3 11.0 180.3 10.0

APM 28-08 0.445 1.9 0.038 2.6 0.003 8.4 1.120 5 0.80 76.9 96.6 8.1

(gneiss) 0.328 2.0 0.028 2.9 0.006 5.8 0.640 5 0.80 78.1 97.8 8.5 97.2 8.3

APM 39-08 0.985 1.7 0.040 2.1 0.018 2.8 0.450 15 0.82 160.0 194.2 14.7

(granitoid) 0.930 1.7 0.040 2.2 0.018 2.9 0.430 16 0.83 164.6 198.5 15.0 196.3 14.9

APM 40-08 0.389 2.3 0.030 3.8 0.009 3.6 0.380 11 0.93 99.8 106.9 8.8

(granitoid) 0.224 2.7 0.020 3.9 0.004 4.4 0.200 12 0.84 70.9 84.8 8.6 95.9 8.7

APM 45-08 0.575 1.8 0.100 1.9 0.012 3.2 0.180 12 0.80 47.2 59.0 4.6

continued on next page
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Table 6.1 – continued from previous page

He 238U 232Th Sm

Sample

(Lithology)

vol.

[ncc]

1σ

[%]

mass

[ng]

1σ

[%]

mass

[ng]

1σ

[%]

mass

[ng]

1σ

[%]
Ft

Unc.

[Ma]

Corr.

[Ma]

2σ

[Ma]

Mean

±2σ [Ma]

(migmatite) 4.936 1.7 0.390 1.8 0.009 3.5 0.650 13 0.85 102.4 120.7 8.0

5.239 1.7 0.190 1.8 0.008 3.5 0.480 12 0.81 217.2 267.7 19.8

12.296 1.6 0.530 1.8 0.015 2.9 1.330 12 0.80 184.0 231.2 17.9 169.6 12.6

APM 46-08 1.920 1.7 0.120 1.9 0.015 3.0 0.310 17 0.89 120.4 135.5 8.0

(granitoid) 5.587 1.7 0.360 1.8 0.010 3.4 0.200 18 0.83 124.5 150.3 10.6 142.9 9.3

APM 47-08 3.432 1.7 0.120 1.9 0.012 3.2 1.140 49 0.88 206.7 234.3 21.0

(migmatite) 2.022 1.7 0.070 1.9 0.009 3.5 0.730 52 0.83 199.0 240.8 25.0 237.5 23.0

APM 51-08 0.012 6.1 0.005 13.8 0.003 9.9 0.050 5 0.83 16.8 20.2 5.2

(schist) 0.015 5.9 0.005 12.6 0.003 8.7 0.040 5 0.87 20.5 23.6 5.5 21.9 5.4

APM 55-08 20.476 1.6 0.840 1.8 0.011 3.2 1.090 24 0.88 196.5 224.1 13.5

(granitoid) 4.364 1.7 0.190 1.8 0.012 3.2 0.270 25 0.86 179.7 209.8 13.6 216.9 13.5

APM 59-08 0.895 1.7 0.020 3.0 0.210 2.4 0.360 12 0.72 101.9 142.3 14.2

(phyllite) 1.092 1.7 0.060 2.0 0.045 2.6 0.090 12 0.74 130.6 177.6 16.5 159.9 15.3

APM 02-09 0.061 2.9 0.010 11.6 0.009 3.2 0.120 6 0.84 44.4 52.8 9.4

(schist) 0.077 2.5 0.010 11.6 0.011 2.9 0.160 5 0.84 55.1 65.4 10.7 59.1 10.1

APM 04-09 0.042 3.5 0.000 11.5 0.013 3.1 0.050 33 0.85 42.5 50.3 7.9

(schist) 0.000 4.1 0.010 9.4 0.014 3.0 0.080 35 0.79 32.2 40.8 6.4 45.5 7.2

APM 12-09 0.437 1.9 0.120 1.9 0.031 2.5 0.570 4 0.45 27.5 61.1 10.5

(gneiss) 0.256 2.1 0.060 2.1 0.019 2.6 0.370 3 0.47 30.4 64.8 10.9 62.9 10.7

APM 15-09 1.543 1.7 0.070 2.0 0.081 2.4 0.230 3 0.46 135.9 296.7 50.2

(granitoid) 3.226 1.7 0.130 1.9 0.143 2.4 0.360 3 0.49 154.1 313.8 49.9

2.857 1.7 0.110 1.9 0.130 2.4 0.390 3 0.62 166.3 270.0 33.4 293.5 44.5

APM 16-09 0.103 2.3 0.110 1.9 0.268 2.4 1.540 4 0.73 4.5 6.2 0.6

(amphibolite) 0.052 3.0 0.070 2.1 0.135 2.4 0.600 5 0.88 3.9 4.4 0.3

0.019 4.6 0.030 3.1 0.050 2.5 0.460 5 0.72 3.6 4.9 0.6 5.1 0.5

APM 20-09 3.750 1.7 0.200 1.8 0.014 3.0 0.290 26 0.85 146.5 172.1 11.3

(granitoid) 1.172 1.7 0.070 2.0 0.009 3.4 0.070 27 0.75 137.8 183.7 16.6 177.9 14.0

AUY 27-10 0.832 2.1 0.043 2.3 0.002 5.8 0.740 5 0.89 136.7 154.3 10.4

(granitoid) 0.683 2.1 0.042 2.4 0.001 12.9 0.740 5 0.89 117.3 131.4 8.9

0.404 2.5 0.029 3.0 0.005 4.4 0.460 5 0.90 97.3 108.4 8.4 131.4 9.2

AUY 28-10 0.391 2.5 0.021 3.6 0.004 4.8 0.190 6 0.91 138.2 151.1 12.8

(granitoid) 2.360 1.8 0.136 1.9 0.011 3.4 0.100 6 0.86 138.9 161.3 10.6 156.2 11.7

AUY 29-10 0.483 2.4 0.047 2.3 0.006 4.1 0.300 6 0.82 77.9 94.4 7.7

(migmatite) 0.792 2.1 0.081 2.0 0.003 5.3 0.460 6 0.81 76.7 94.3 7.4 94.4 7.6

AUY 30-10 2.543 1.8 0.185 1.9 0.042 2.6 3.480 5 0.89 93.5 104.9 6.1

(granitoid) 0.408 2.4 0.032 2.8 0.009 3.6 0.660 5 0.80 85.4 107.0 9.7 105.9 7.9

AUY 33-10 0.054 5.3 0.005 15.4 0.005 4.4 0.200 6 0.90 59.0 65.3 14.4

(pegmatite) 0.090 4.4 0.005 15.2 0.005 4.3 0.420 6 0.86 78.2 90.5 16.3 77.9 15.4

AUY 38-10 0.458 2.2 0.018 4.0 0.112 2.5 0.060 7 0.82 84.1 102.1 8.2

(phyllite) 1.232 1.9 0.051 2.2 0.162 2.5 0.610 6 0.87 107.8 123.9 7.7

2.724 1.7 0.193 1.9 0.176 2.5 0.440 6 0.86 94.1 109.0 6.7 111.7 7.5

AUY 49-10 0.142 2.8 0.014 4.9 0.005 4.3 0.600 2 0.86 59.8 69.6 6.7

(gneiss) 0.275 2.3 0.039 2.4 0.008 3.6 0.230 2 0.89 53.3 59.9 4.2

0.027 6.0 0.005 11.1 0.002 5.4 0.120 3 0.79 31.7 39.9 8.6

0.059 4.2 0.009 7.1 0.003 4.8 0.130 2 0.81 46.7 57.8 8.8 56.8 7.1

Notes: Unc. = uncorrected age, Ft = Ejection correction, Corr. = Ft-corrected age, and Mean ±2σ = Unweighted average age ±2σ; further
data can be found in the supplementary material (attached CD). Amount of helium is given in nano-cubic-cm in standard temperature and
pressure; amount of radioactive elements are given in nanograms; ejection correction (Ft): correction factor for alpha-ejection (according to
Farley et al. (1996) and Hourigan et al. (2005)); uncertainties of helium and the radioactive element contents are given as 1 sigma, in relative
error %; uncertainty of the single grain age is given as 2 sigma in Ma and it includes both, the analytical uncertainty and the estimated

uncertainty of the Ft; uncertainty of the sample average age is 2 standard error, as (SD)/(n)1/2; where SD = standard deviation of the age
replicates and n = number of age determinations; n.d. = not detected. Four to six aliquots per sample were picked and analysed. If the
investigated age of a single grain deviates by more than 2σ from the mean age, the aliquot was rejected. These erroneous ages can be caused
by several factors, such as zoning of alpha-emitting elements, micro inclusions, the limit of detection, or the bias of the ejection correction
(smaller grains have larger errors).

Apatite fission-track ages

Thirteen basement samples were analysed from the Eastern Sierras Pampeanas, i.e. the Sierra

de Pocho, the Conlara Valley including the Sierra del Morro, the Sierras de Córdoba, the Sierra

de Varela, the Sierra de El Gigante, and Cantera Green, the most southern exposure of the

Pampean ranges (Figs. 6.2, 6.4; Table 6.2). All investigated samples pass the chi-squared test.

Three samples were analysed collected along a ∼700 m elevation profile on the western side
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of the Sierra de Pocho. The central ages range between 185.2± 16.3 Ma and 162.7± 14.9 Ma,

positively correlating with elevation (Fig. 6.3). Track length distributions are generally unimodal

distributed and moderately reduced with a mean of 12.8± 1.3µm (Fig. 6.3). Dpar values vary

from 1.9± 0.1µm to 2.4± 0.3µm.

Figure 6.3: Thermochronological ages of samples from the Sierra de Pocho. a) Schematic profile across the Sierra
de Pocho with sample locations. ZHe, AFT, and AHe ages as well as AFT track length distribution, with n =
number of confined tracks measured, MTL = mean track length, are also shown. b-d) age-elevation plots for the
ZHe, AFT and AHe thermochronometers.
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Five basement samples were analysed from the Conlara Valley including the Sierra del Morro.

The four samples collected directly from the former (AUY 28-10, AUY 29-10, AUY 30-10, AUY

33-10) yield central ages between 269.9± 32.5 Ma and 188.8± 17.1 Ma. All these samples are

characterised by moderately reduced track lengths with a mean of 12.5± 1.6µm. Further, the

track lengths are unimodal distributed for AUY 28-10 and AUY 33-10, whereas samples AUY

29-10 and AUY 33-10 show a distinct bimodal track length distribution (Fig. 6.4). A bimodal

track length distribution is also characteristic for the moderate reduced track lengths of sample

AUY 27-10 from the Sierra del Morro (Fig. 6.2), which has a central age of 223.2± 21.3 Ma. Dpar

values of all five samples are similar, ranging between 1.8± 0.1µm and 1.9± 0.1µm (Fig. 6.4).

The samples from the Sierra de Varela (APM 28-08), south of the Sierra de San Luis, and

Cantera Green (APM 20-09) yield central AFT ages of 229.6± 21.2 Ma and 185.6± 17.4 Ma,

respectively (Table 6.2). Their track lengths are moderately reduced with a mean of 12.5± 1.2µm

and 12.2± 1.4µm, respectively, and show unimodal distributions (Fig. 6.4). The mean Dpar

value of APM 28-08 is 2.1± 0.1µm, whereas the mean Dpar value of APM 20-09 is distinct

shorter showing a value of 1.7± 0.1µm.

Two samples and one sample were analysed from the eastern side of the Sierras de Córdoba

(APM 02-08, AUY 49-10) and the Sierra de El Gigante (APM 51-08), respectively. The former two

samples yield central ages between 177.9± 19.9 Ma and 152.3± 15.0 Ma. Both are characterised

by distinct shortened track lengths with a mean of 12.2± 1.7µm, which are unimodal distributed

(Fig. 6.4). Dpar values of both samples are 1.9± 0.2µm. The sample from the Sierra de El

Gigante has a central AFT age of 236.5± 32.7 Ma. The track lengths are moderately reduced,

with a mean of 13.4± 1.2µm, and they are also unimodal distributed (Fig. 6.4). The mean Dpar

value of 2.0± 0.1µm is slightly increased compared to that of the samples from the Sierras de

Córdoba.

Apatite (U-Th)/He ages

Overall 24 samples were analysed using the AHe dating method (Fig. 6.2; Table 6.1). Generally,

the mean AHe age of every sample is younger than or coincides within the 2σ-error of the

corresponding apatite fission-track age.

The mean AHe ages of the samples from the elevation profile in the Sierra de Pocho (Fig. 6.3)

vary between the Middle Triassic (216.9± 13.5 Ma; APM 55-08) and the Middle Cretaceous

(111.7± 7.5 Ma; AUY 38-10,). There is a distinct age-elevation correlation within this profile

(Fig. 6.3).

Four basement samples from small ranges within the Conlara Valley region were analysed,

yielding mean AHe ages between the Late Jurassic (156.2± 11.7 Ma; AUY 28-10) and the Late

Cretaceous (77.9± 15.3 Ma; AUY 33-10).
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Figure 6.4: AFT ages and track length distribution for all analysed samples. AFT data for the Sierra de Pocho
are displayed in Figure 6.3; n = number of confined tracks measured, MTL = mean track length.
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Table 6.2: Apatite fission-track data.

Sample
Longitude (W)
Latitude (S)

Elevation
[m]

n ρs Ns ρi Ni ρd Nd P(χ2)
[%]

Age
[Ma]

±1σ
[Ma]

MTL
[µm]

s.d.
[µm]

Dpar
[µm]

APM 20-09
65◦27’04”

35◦05’38”
369 25 21.19 1429 12.06 813 6.54 6342 42 185.6 17.4 12.2 1.4 1.7

AUY 49-10
64◦30’11”

31◦35’29”
538 25 9.01 438 5.21 253 6.45 5725 100 177.9 19.9 12.4 1.8 1.9

APM 51-08
66◦55’19”

32◦52’00”
638 25 1.97 226 1.04 119 7.85 7368 100 236.5 32.7 13.4 1.2 2.0

AUY 28-10
65◦07’59”

32◦56’49”
922 25 18.51 1669 9.39 847 6.00 5725 32 188.8 17.1 12.4 1.7 1.9

AUY 29-10
65◦10’05”

32◦55’41”
904 25 24.53 2058 14.40 1208 7.43 5725 66 201.4 17.6 12.6 1.7 1.9

AUY 30-10
65◦13’02”

32◦48’40”
810 25 18.33 2026 9.64 1066 6.25 5409 47 189.2 16.7 12.8 1.6 1.8

AUY 33-10
65◦18’13”

32◦31’43”
705 25 10.85 691 4.68 298 6.75 5409 9 269.9 32.5 12.2 1.5 1.8

AUY 27-10
65◦22’34”

33◦08’18”
1171 25 15.72 1562 7.70 765 6.71 5725 8 223.2 21.3 12.6 1.6 1.9

APM 02-08
64◦37’48”

32◦04’50”
805 21 21.66 781 13.42 484 5.91 5725 79 152.3 15.0 12.0 1.6 1.9

APM 55-08
65◦22’36”

31◦22’26”
1177 25 36.25 2426 19.36 1296 6.21 6086 9 185.2 16.3 13.0 1.4 2.1

APM 59-08
65◦25’34”

31◦21’32”
527 25 18.26 1951 10.93 1167 6.42 6086 14 174.0 15.7 12.6 1.5 2.4

AUY 38-10
65◦26’00”

31◦21’05”
465 25 23.41 1413 13.24 799 5.75 5409 57 162.7 14.9 12.7 1.1 1.9

APM 28-08
66◦32’47”

34◦01’52”
548 25 16.61 1265 8.71 663 7.58 7368 98 229.6 21.2 12.5 1.2 2.1

Notes: n number of dated apatite crystals, ρs/ρi spontaneous/induced track densities (×105 tracks cm−2), Ns/Ni number of counted

spontaneous/induced tracks, ρd track density on dosimeter, Nd number of tracks counted on dosimeter, P(χ2) probability obtaining chi-

squared value (χ2) for n degree of freedom (where n is the number of crystals -1); age ± 1σ is central age ± 1 standard error (Galbraith &
Laslett 1993); ages were calculated using zeta calibration method (Hurford & Green 1983); glass dosimeter CN-5, and zeta value of 323.2± 25.3;
MTL, mean track length; SD, standard deviation of track length distribution; N number of tracks measured; Dpar, etch pit diameter; further
data can be found in the supplementary material (attached CD).

Two samples were collected from the Sierras de Córdoba, showing Early Cretaceous (139.7± 9.7 Ma;

APM 02-08) and Late Paleocene ages (56.8± 7.1 Ma; AUY 49-10).

Mean AHe ages of basement samples from the Sierra de El Gigante show Paleocene (59.1± 10.0 Ma;

APM 02-09) to Early Miocene ages (21.9± 5.4 Ma; APM 51-08).

Three samples were analysed from the eastern side of the Sierra Valle Fértil and the southern

tip of the Sierra de la Huerta. AHe ages of samples from the Sierra Valle Fértil range from Early

Permian (293.5± 44.5 Ma; APM 15-09) to Early Paleocene (62.9± 10.7 Ma; APM 12-09); the

sample from the Sierra de la Huerta yields a Pliocene age (5.1± 0.5 Ma; APM 16-09).

The five mean AHe ages of samples from the San Francisco del Monte de Oro area (Sierra

de San Luis) vary between the Middle Triassic (237.5± 23.0 Ma; APM 47-08) and the Middle

Cretaceous (95.9± 8.7 Ma; APM 40-08).

Samples from the southernmost ranges of the Sierras Pampeanas, i.e. the Sierra de Varela and

Cantera Green, show Middle Cretaceous (97.2± 8.3 Ma; APM 28-08) and Early Jurassic ages

(177.9± 13.9 Ma; APM 20-09).
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6.5 Discussion

6.5.1 Thermal modelling

The thermal history of 22 samples from the Eastern and Western Sierras Pampeanas was modelled

following the approach of (Ketcham 2005) utilizing the HeFTy software (Fig. 6.5). The input

data for the modelling of 13 samples were the apatite fission-track single grain ages, track length

distribution, and Dpar data as well as the corresponding (U-Th)/He ages of zircon and apatite;

for 9 samples the models just base on the zircon and apatite (U-Th)/He data. Two boundary

conditions were imposed on each thermal model in order to obtain geological reasonable cooling

histories: i) the starting-point of the modelled time-temperature history is constrained by the

zircon (U-Th)/He data (effective closure temperature of approx. 175 ◦C), and ii) the end is

confined by the mean annual surface temperature of 17 ◦C (Müller 1996). Further constraints set

are related to the measured ages of the other thermochronometers. Analyses of the obtained time-

temperature paths also allow the calculation of cooling rates. However, any rate calculated here

has to be considered as a long-term mean cooling rate based on the average best fit model path,

defined by the temperature boundary conditions of the PRZZ , PAZA and PRZA, respectively.

6.5.2 Evolution of basement ranges

Based on the obtained thermal histories as well as on the distribution of the apparent ages of the

individual methods, the area of the Sierras Pampeanas has been divided into two ”regions”, an

eastern one, including the Sierras de Córdoba, Pocho and San Luis, and a western one, containing

the Sierras de Pie de Palo, Valle Fértil, de El Gigante, de Varela and the Cantera Green area

(Fig. 6.2).

Western and southernmost Sierras Pampeanas

Based on age distribution and the obtained thermal histories, we propose the following evolution

model for the western region lasting from the post orogenic phase of the Famatinian Orogeny

until today. In general moderate to rapid cooling from the PRZZ into the PRZA occurred in

the northern part of the western region, i.e. the Sierra Valle Fértil, during the Late Paleozoic

(Figs. 6.5, 6.6), which is similar to the Sierra de Pie de Palo (Löbens et al. submitted b) and

the Sierra de San Luis in the eastern Sierras Pampeanas (Bense et al. submitted a). Although

cooling based on AFT data is not well constrained in the Sierra Valle Fértil, because the modelled

time-temperature history lack track length distributions, the cooling path obtained for sample

APM 15-09 seems to best represent the overall cooling trend. Variations to the other models

(APM 12-09 and APM 16-09) are referred to fault-related differences, e.g. ∼E-W trending

discontinuities, within the mountain range. Therefore, we suggest that exhumation in the region
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Figure 6.5: Modelled time-temperature paths based on ZHe, AFT, and AHe data; * indicates models without
AFT data; + indicates models without ZHe data.
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Figure 6.5: Modelled time-temperature paths based on ZHe, AFT, and AHe data; * indicates models without
AFT data; + indicates models without ZHe data (continued).

of the Sierra Valle Fértil is presumably related to erosion affecting the pronounced relief of

the mountain range, which was generated during the Famatinian Orogeny. Later, during the

Permo-Triassic compressional phase mentioned by Ramos & Folguera (2009) the erosion was

mainly tectonically triggered. Further cooling and exhumation below the lower thermal boundary

of the PRZA occurred during the Triassic (Figs. 6.5, 6.6). This is probably due to erosion during
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Triassic rifting as indicated by syn-rift deposits at the western margin of the range (e.g. Ramos

et al. 2002). Followed by very low exhumation from the Jurassic until the Late Cretaceous

exhumation to near-surface temperatures commenced in the Paleogene, similar to the exhumation

of the Sierra de Pie de Palo (Löbens et al. submitted b) but slightly delayed (Figs. 6.5, 6.6). The

very low exhumation in this time period is presumably related to a period of tectonic quiescence,

thus very slow erosion. In both areas this exhumation to near-surface temperatures is probably

associated with the early Andean deformation being characterised by ∼E-W compression and

tectonically triggered erosion. Therefore, the general structural evolution of the latter range is

similar to that of the Sierra Valle Fértil. Both mountain ranges are potentially characterised

by a positive relief since the Late Paleozoic. Evolutionary differences do just exist during the

Mesozoic. Since there was considerably cooling and exhumation in the area of the Sierra de

Pie de Palo (Löbens et al. submitted b), the Sierra Valle Fértil was just affected by very slow

exhumation. This could be due to the topography of the latter range was less pronounced,

i.e. the mountain range was characterised by a lower surface elevation, compared to the Sierra

de Pie de Palo. Presumably, a relatively lower elevation could either be related to rift-related

subsidence of the whole range during the Triassic or the Sierra de Pie de Palo in the west possibly

represented an orographic barrier causing just slow erosion within the region of the Sierra Valle

Fértil during that time. However, final exhumation to near-surface temperatures occurred more

or less synchronous, as mentioned above.

In the middle part of the western region, i.e. the Sierra de El Gigante, onset of cooling and

exhumation from PRZZ to PAZA related temperatures occurred during Permian and Triassic times

(Figs. 6.5, 6.6), potentially being related to the Permo-Triassic compressional phase mentioned

Ramos & Folguera (2009). This probably produced minor relief, which was affected by erosion

afterwards resulting in further exhumation of the level of our samples (Figs. 6.5, 6.6). Presumably,

this topography was nearly eroded by Early to Middle Cretaceous times. Subsequently, Early

Cretaceous rifting linked to the opening of the South Atlantic at these latitudes (e.g. Schmidt

et al. 1995; Rossello & Mozetic 1999) generated the development of an intracontinental rift basin,

i.e. the Beazley Basin (e.g. Schmidt et al. 1995), in the region of the Sierra de El Gigante. Since

the latter is situated within this basin it is very likely that the observed Cretaceous re-heating of

our basement samples (Figs. 6.5, 6.6) was caused by burial beneath deposits derived from the

surrounding heights. The maximum re-heating temperature was around 55 ◦C, being equivalent

to a maximum thickness of 2.1-2.8 km (assuming a geothermal gradient of 20-26 ◦C/km) for

the overlying sedimentary succession, which agrees well with the ∼2 km of cumulative thickness

of the Cretaceous strata in this region (Yrigoyen 1975). Following this burial, re-exhumation

to near-surface temperatures occurred during the Late Paleocene to Neogene (Figs. 6.5, 6.6),

potentially being related to the Andean deformation accompanied by erosion stripping off the

Cretaceous sediments and leading to exposure of the metamorphic basement. Further, the

increasing AHe ages from west to east within this mountain range (Figs. 6.5, 6.6; Table 6.1)

indicate i) a Neogene activity of the western main boundary fault as proposed by Schmidt et al.
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(1995) and ii) suggest a similar thermal evolution as described by Bense et al. (submitted a) for

the Sierra de San Luis.

Figure 6.6: Comparison of average cooling paths from the entire Sierras Pampeanas. Data for the thermal
models of the Sierra de Pie de Palo, the Sierra de Comechingones, and southern Sierra de San Luis are from
Löbens et al. (submitted b), Löbens et al. (2011), and Bense et al. (submitted a), respectively. Abbreviated sample
ID: -08 is APM, -09 is APM, -10 is AUY. Different colors mark different samples. Note the different scale of the
x-axis for the cooling paths of samples from the Sierra de Pie de Palo and the southern Sierra de San Luis; that
the x-axis for the southern San Luis is above the diagram.

Within the most southern exposures of the Sierras Pampeanas, i.e. the Sierra de Varela and

Cantera Green, rapid cooling from the PRZZ into the PRZA occurred between Permian and

Triassic times, respectively (Figs. 6.5, 6.6). This rapid exhumation of both mountain ranges is

presumably generated by tectonism accompanied by erosion during the Permo-Triassic compres-

sional phase mentioned by Ramos & Folguera (2009). Further, the time-temperature histories

suggest a younger exhumation of Cantera Green than of the Sierra de Varela (Figs. 6.5, 6.6).

This is probably because the deformation first affected the western area of the Sierras Pam-

peanas and propagated towards the east as also suggested by comparison of the cooling paths
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from the latter ranges with those from the Sierra Valle Fértil (Figs. 6.5, 6.6), thus onset of

exhumation as well as exhumation into PRZA temperatures occurred relatively earlier in the

Sierra de Varela because it is located farther in the west than Cantera Green (Figs. 6.5, 6.6).

Disposition of our samples from the Cantera Green within this temperature interval lasted until

the Early Cretaceous (Figs. 6.5, 6.6), potentially due to tectonic quiescence and very low erosion

in this area. The phase of tectonic quiescence is followed by onset of exhumation out of the

PRZA to near-surface temperatures in the region of Cantera Green during the Early Cretaceous

(Figs. 6.5, 6.6). This is probably caused by rift-related erosion, which in turn is associated with

the Atlantic rifting affecting the area at these latitudes during the Cretaceous (e.g. Schmidt et al.

1995). Contrastingly, our sample from the Sierra de Varela remained within the temperature

interval of the PRZA until the Late Cretaceous (Figs. 6.5, 6.6). Due to tectonic quiescence there

was probably very slow erosion, hence very low exhumation in this region during the Jurassic,

similar to the area of Cantera Green. But more or less stagnation within the PRZA during the

Cretaceous is presumably related to the geographic position of the Sierra de Varela compared

to Cantera Green (Figs. 6.5, 6.6). The latter range was situated beyond the extension of the

Cretaceous Beazley Basin proposed by Jordan et al. (1989) and Schmidt et al. (1995), whereas

the Sierra de Varela was located at the eastern margin of this basin (Figs. 6.5, 6.6). Therefore,

sediments derived from the surrounding heights were presumably deposited in the vicinity of

the latter mountain range. But it is noteworthy that the AHe ages are not reset in the Sierra

de Varela, in contrast to the Sierra de El Gigante (Figs. 6.5, 6.6). Therefore, cooling paths

do not suggest Cretaceous burial re-heating in the Sierra de Varela. This is probably related

to different geographical positions of the latter mountain range and the Sierra de El Gigante

within the Beazley Basin. Since the latter was located near the inferred rift axis and the main

depocentres (Schmidt et al. 1995) the mountain range was affected by burial re-heating (as

mentioned above), whereas the maximum sedimentary thickness was probably less than 500 m

(Jordan et al. 1983) in the vicinity of the Sierra de Varela being insufficient to reset the AHe

ages. However, the following cooling and exhumation of this mountain range during the Late

Cretaceous is probably related to cessation of rifting and onset of slow erosion of Cretaceous

sediments in this region. Continuous cooling and exhumation of the Sierra de Varela and Cantera

Green during the Cenozoic is caused by deformation accompanied by erosion during the Andean

Orogeny (Figs. 6.5, 6.6).

Southeastern Sierras Pampeanas

Based on thermal modelling of samples from the Nogoĺı area in the southern Sierra de San Luis,

Bense et al. (submitted a) found that samples passed through PRZZ and PAZA temperature

conditions during Permian to Middle Triassic times (Figs. 6.5, 6.6). Cooling through PRZA

temperature conditions is not well constrained for all samples, but models indicate a Triassic to

Middle Cretaceous age. Subsequent cooling to surface temperatures commenced in post-Permian
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times, most probable between the Cretaceous to the Paleogene (Bense et al. submitted a). From

the Sierra de San Luis cooling rates of <5 ◦C/Ma for the passage through the PRZZ and PAZA

as well as <1 ◦C/Ma for PRZA and below are reported by Bense et al. (submitted a).

Modelled time-temperature paths based on data from the San Francisco del Monte de Oro

area in the northern Sierra de San Luis document cooling through PRZZ temperatures in Late

Carboniferous to Permian times (Figs. 6.5, 6.6). Due to missing AFT data (insufficient amount

of suitable apatite grains) cooling through PAZA temperature conditions is not well constrained.

However, cooling through PRZA temperatures occurred in Middle Triassic to Cretaceous times

(Figs. 6.5, 6.6). Although less constrained by the modelled thermal history, subsequent cooling

to surface temperatures is likely to have occurred during Cretaceous times. In general, time-

temperature conditions from the northern and southern Sierra de San Luis indicate a quite

similar thermal history for both regions.

Several samples were collected from smaller mountain ranges in the Conlara Valley region,

between the Sierras de San Luis and Córdoba (Figs. 6.5, 6.6). The thermal modelling based

on AFT and AHe data show that PAZA temperatures were already reached in Early Permian

times. PRZA temperatures were reached in Cretaceous times. Subsequent cooling to surface

temperatures is not well constrained but is indicated to have occurred in Cretaceous to Paleogene

times.

The thermal modelling indicates that samples from the eastern (AUY 28 and AUY 29-10)

and southern (AUY 27-10) part of Conlara Valley cooled through PRZZ temperatures during

Permian times. Subsequent cooling through PRZZ and PAZA temperatures occurred in Permian

to Triassic times, very similar to those findings from the Sierra de San Luis (see above). Further

cooling decelerated, as indicated by thermal models. Cooling through temperatures of the PRZA

is indicated to have happened synchronous for all Conlara Valley samples during Jurassic to

Cretaceous times (Figs. 6.5, 6.6), whereas surface temperature conditions were probably reached

in Late Cretaceous to Paleogene times. Nevertheless, there are small scale differences between

individual time-temperature paths. Sample AUY 27-10 from the El Morro range in the southern

Conlara Valley shows a slightly older thermal history than AUY 28-10 and AUY 29-10. However,

one sample (AUY 30-10) shows a significant younger thermal history than the other samples

from the Conlara Valley (Figs. 6.5, 6.6). Instead of Permian PRZZ-cooling ages, AUY 30-10

shows Late Triassic ages. PAZA and PRZA temperatures were passed in Jurassic to Cretaceous

times. We attribute those differences to an association of the smaller mountain ranges to different

basement blocks. El Morro (AUY 27-10) constitutes an individual range, AUY 33-10 belongs

to the Sierra de San Luis, and AUY 28-10 and AUY 29-10 are associated with the Sierra de

Comechingones. Contrastingly, AUY 30-10 represents a solitary block within the Conlara Valley

with unclear structural affiliation to one of the nearby mountain ranges. Thermal models for the

Conlara Valley samples indicate that cooling through the PRZZ and PAZA temperature regimes

coincides with moderate cooling rates between 2.5-4.5 ◦C/Ma, whereas passage through PRZA
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and post-PRZA temperatures is characterised by slower, approximately 0.3-1 ◦C/Ma, cooling

rates.

Time-temperature paths for the Los Tuneles area in the Sierra de Pocho generally show

slow cooling. Exhumation through PRZZ temperatures occurred in Permian times. PAZA

temperatures were passed in Triassic to Jurassic times. Subsequent cooling through the PRZA

took place in Late Triassic to Early Cretaceous times. Cooling to surface temperature, although

less constrained by modelled time-temperature paths, potentially occurred in Cenozoic times.

Additionally, the thermal histories suggest cooling rates of around 1-2 ◦C/Ma for the temperature

range between PRZZ and PAZA and <1 ◦C/Ma for the PRZA temperature range and below.

Samples collected in the western Sierras de Córdoba, between the Sierra de Pocho and the

Yacanto area (Fig. 6.2) indicate Triassic cooling through PRZZ and PAZA temperature conditions.

PRZA temperature conditions were passed in Early to Late Cretaceous times, whereby surface

temperatures were probably reached in Cretaceous to Cenozoic times (Fig. 6.5).

Thermal modelling by Löbens et al. (2011) in the southern Sierra de Comechingones reveals

Late Permian ages for cooling through PRZZ temperatures. PAZA temperature conditions were

reached during Late Triassic to Jurassic times. Cooling from PAZA to PRZA temperatures was

slow, as indicated by thermal models, reaching PRZA temperatures in Middle Cretaceous times.

Cooling to surface temperatures occurred in Late Cretaceous to Paleogene times (Löbens et al.

2011). The thermal history of the Sierra de Comechingones indicate rates between 1.5-4 ◦C/Ma

for cooling through PRZZ and PAZA temperatures and <1 ◦C/Ma for the PRZA and post PRZA

temperatures, as reported by Löbens et al. (2011).

The observed thermal history in this part of the Sierras Pampeanas can be linked to several

geological processes. The oldest cooling event is traced in Carboniferous times (Figs. 6.5, 6.6).

We relate this to the erosion of existing topography that was built up during previous orogenic

phases. Additionally, Late Carboniferous times coincide with a period of orogenic collapse

(Mpodozis & Ramos 1989) supporting the idea of pronounced cooling during this time period.

As discussed above, the majority of samples passed the PRZZ and PAZA in Permian to Triassic

times. This Permo-Triassic time interval is synchronous to an inferred flat-slab subduction

episode of the Nazca Plate beneath the South American Plate (Ramos & Folguera 2009). This

event might have led to considerable compression and thus exhumation and cooling at these

latitudes (Bense et al. submitted b). The flat-slab segment was also linked to an orogenic phase

in the San Rafael Massif in the province of Mendoza, defined as the San Rafael Orogeny by

Kleiman & Japas (2009). Although a direct link between this orogenic phase and the study

area has not yet been developed (see also Bense et al. submitted b), those findings discussed

above show the importance of this, so far, not well understood Permian to Triassic event for

the thermal history of the entire southern Sierras Pampeanas (see below). However, further

cooling in post-Triassic times is generally characterised by comparatively low cooling rates in the
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entire southeastern Sierras Pampeanas. We interpret this to be related to low erosional rates

as a consequence of relatively stable tectonic conditions within the sampled mountain ranges

without substantial uplift or burial events (see below, Fig. 6.6). Although Cenozoic compression

probably contributed to the final cooling of samples to temperatures below 50 ◦C, its extent is not

constrained by modelled time temperature histories; but it is presumably lower than previously

proposed (e.g. González Bonorino 1950).

Spatial and temporal variability of cooling

Based on the findings discussed above we conclude that cooling during Permian times in the

western regions of the southern Sierras Pampeanas (Figs. 6.7, 6.8) and its subsequent eastward

propagation until Early to Middle Triassic times (Fig. 6.7) is spatially and temporally related to a

period of flat-slab subduction at these latitudes (see above). This flat-slab subduction event was

initially defined for Late Carboniferous to Early Permian times in the Southern Central Andes

(Mart́ınez et al. 2006; Ramos et al. 1986) but also shows a clear imprint in the southern Sierras

Pampeanas (e.g. Bense et al. submitted a). This is evident by a distinct eastward propagation of

Late Paleozoic calk-alkaline magmatism from the Southern Central Andes to the south-western

Sierras Pampeanas (Sierra Valle Fértil and Sierra de La Huerta) during Permian to Early Triassic

times (see Caminos 1979; Ramos 1988; Varela et al. 1993; Mpodozis & Ramos 1989; Mpodozis &

Kay 1990; Ramos & Folguera 2009). Invers to its onset, cooling ceased first in the south-eastern

parts of the studied region and propagated westwards during Late Triassic times (Fig. 6.7).

Whether Triassic rifting along terrane boundaries and crustal unconformities (e.g. Ramos et al.

2002) and subsequent stagnation in cooling is related to the end of flat-flab subduction (Fig. 6.8)

cannot be solved here. However, a hypothetically re-steepening of the subduction angle following

the end of flat-slab subduction could have led to tensional forces in the crust, supporting crustal

extension in the Late Triassic to Early Jurassic.

In contrast, the Sierras de Pie de Palo and Pocho show notably slower but more continuous

cooling compared to other modelled time-temperature paths. Additionally, both ranges (in

particular the Sierra de Pie de Palo) show prolongation of cooling even during periods marked by

an extensional tectonic setting (Figs. 6.7, 6.8). A possible explanation for this is that both ranges

formed topographic heights, subjected by ongoing erosion, unaffected by extensional events.

This interpretation is supported by spatially distribution of rift related sediments in the Sierras

Pampeanas, showing that neither the Sierra de Pie de Palo boundary faults nor the Sierra de

Pocho main boundary fault were extensionally reactivated during rift events (e.g. Jordan et al.

1983; Schmidt et al. 1995; Ramos et al. 2002). Additionally, the position of the Sierra de Pie

de Palo on the footwall of the Valle Fértil Fault did not allow any burial re-heating of the Pie

de Palo samples due to rifting along this fault (Löbens et al. submitted b). Thus, both regions

are considered to be relatively unaffected by Late Triassic to Early Jurassic as well as Early

Cretaceous rifting.

133



6

6.5. DISCUSSION

Another exception is given by sample AUY 30-10 which is in conflict with findings from the

surrounding samples. For instance, AUY 30-10 displays accelerated cooling during Late Triassic

to Early Jurassic extensional settings. A possible explanation might be related to the complex

arrangement of different faults in the Conlara Valley (e.g. Miró & Martos 1999), leading to

some kind of stepover or push-up structure (see van der Pluijm & Marshak 2004). However,

since the structural affiliation of this basement block to the surrounding ranges is unclear due

to sedimentary cover of the basement blocks in the Conlara Valley, the thermal history of this

minor basement block remains enigmatic.

Figure 6.7: Map highlighting areas of cooling, stagnation in cooling as well as burial and re-heating within the
Sierras Pampeanas from Carboniferous to Cenozoic times, based on thermal modelling. Fault locations according
to González Bonorino (1950) and Jordan & Allmendinger (1986). Further details are discussed in the text.
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Figure 6.7: Map highlighting areas of cooling, stagnation in cooling as well as burial and re-heating within the
Sierras Pampeanas from Carboniferous to Cenozoic times, based on thermal modelling (continued).

Finally, thermal modelling indicates that the cooling to near-surface temperatures, as far as

traced by the AHe thermochronometer, occurred in the different parts of the Sierras Pampeanas

between the Latest Cretaceous and Paleogene times (Figs. 6.6, 6.8). Although it is geologically

evident that the Neogene flat-slab subduction period lead to uplift of the present day Sierras

Pampeanas (e.g. Ramos et al. 2002), the new thermochronological results discussed above, as

well as the data presented and discussed by Löbens et al. (2011), Bense et al. (submitted a),

Bense et al. (submitted b), and Löbens et al. (submitted b) strongly indicate that a positive

topography already existed before the Neogene. Thus, we conclude that the amount of uplift
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attributed to this event is overestimated by previous models (e.g. Ramos et al. 2002). Instead, it

might be considered that the Andean compression led to an accentuation of a pre-existing relief

in the southern Sierras Pampeanas.

Figure 6.8: Summary of the major geological events, sedimentation periods, mean trends in exhumation or
subsidence (see also Fig. 6.7) and the deduced relief evolution of the southern Sierras Pampeanas. Details are
described in the text. Abbreviations: Sa = Sierra, exh. = exhumation, subs = subsidence.

Paleosurfaces and denudation rates

The Sierras Pampeanas uplifts are defined as a broken foreland during the Andean Orogeny,

and, at least in their recent structural configuration, as distinctive surficial characteristics of

the Pampean flat-slab segment of the subducting Nazca Plate (Jordan et al. 1983; Jordan &

Allmendinger 1986; Ramos et al. 2002). However, the age and the pre-Andean morphotectonic

evolution of planation surfaces, which are mainly developed on the eastern side of the ranges,

has not yet completely been clarified (e.g. Jordan et al. 1983; Carignano et al. 1999; Rabassa

2010; Bense et al. submitted a). Since almost no pre-Quaternary sedimentary cover is preserved

atop the ranges for constraining the post-Paleozoic relief, the erosional surfaces themselves have

to be envisaged as a key geometric marker for this purpose.

Ideas about the geomorphological evolution of the Sierras Pampeanas are already described

and controversially discussed in early geologic works (e.g. Stelzner 1885; Bodenbender 1890;

Brackebusch 1891; Bodenbender 1895, 1911; Gross 1948; González Bonorino 1950). The evolution

has been discussed in two ways: i) González Dı́az (1981) and Criado Roque et al. (1981), based

on ideas of Bodenbender (1905) and Bodenbender (1911), suggested that planation surfaces

represent a continuous and essentially synchronous surface, which was uplifted and disrupted

during the Andean Orogeny.

ii) Alternatively, Rovereto (1911) firstly introduced the idea of a diachronic development of

the erosional surfaces in the Sierras Pampeanas and considered Paleozoic to Mesozoic ages. The

idea of diachronic development was later picked up by other authors (e.g. Jordan et al. 1989;
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Carignano et al. 1999). Carignano et al. (1999) suggested that topographic scarps between

distinct surfaces were the result of juxtaposition of several, individual surfaces with different ages

ranging from the late Paleozoic to the Paleogene.

Although initially not intended to date paleolandsurfaces or erosional surfaces, recent ther-

mochronological data for the Sierra de Comechingones (Löbens et al. 2011), the Sierra de San

Luis (Bense et al. submitted a), the Sierra de Aconquija and the Cumbres Calchaqúıes (Löbens

et al. submitted a) and the Sierra de Pie de Palo (Löbens et al. submitted b) support the idea of

a diachronic development of erosional surfaces in Jurassic to Cretaceous times. Especially AHe

ages as well as the calculated denudation rates of the Sierras de San Luis (this study; Bense et al.

submitted a) and Comechingones (this study; Löbens et al. 2011) fit to the suggested formation

age of the erosional surfaces proposed by Carignano et al. (1999). However, AHe ages can only

be used as an indirect age constraint for erosional surfaces, because exact denudation rates,

which lead to exhumation of the samples from the PRZA to surface temperatures, are unknown

(see Bense et al. submitted a). This is especially important for areas where numerous faults of

unknown age are penetrating the basement, as observed in the southern Sierras Pampeanas (e.g.

Simpson et al. 2001; Bense et al. submitted b).

Thermochronological data presented in this study, as well as data published by Löbens

et al. (2011) and Bense et al. (submitted a) indicate slow denudation rates of the basement

during Mesozoic and Cenozoic times. Assuming a geothermal gradient of around 25 ◦C/km

(Sobel & Strecker 2003; Löbens et al. 2011) and an effective closure temperature for the AHe

thermochronometer of approximately 60 ◦C, the upper thermal boundary of the paleo-PRZA is

located in 2,300 m depth. A Mesozoic sedimentary cover can be excluded for basement samples

taken in the Sierras de San Luis (Bense et al. submitted a) and Comechingones (Löbens et al.

2011) as well as for most samples presented in this study. Thus, the age of passage through

the PRZA of those basement samples allow the calculation of very rough denudation rates for

the Pampean basement. These rates vary between 0.010 km/Ma and 0.024 km/Ma, being close

to those of Jordan et al. (1989) and Löbens et al. (2011). Since those rates are considerably

small (see Ahnert 1970), we consider quiet stable conditions within the Sierras Pampeanas since

samples passed through the PRZA in Jurassic to Cretaceous times.

6.5.3 Comparison of the northern Pampean ranges with the Eastern and

Western Sierras Pampeanas

The thermochronological data from the Eastern and Western Sierras Pampeanas (e.g. Löbens

et al. 2011; Bense et al. submitted a; Löbens et al. submitted b) including the new data presented

in this study suggest similarities as well as important differences concerning the thermal and

structural evolution of these regions to that of the northern Pampean ranges (e.g. Sobel &

Strecker 2003; Mortimer et al. 2007; Löbens et al. submitted a). Within both areas onset of the
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thermochronological record, constrained by the ZHe, AFT, and AHe thermochronometers, was

during the Late Paleozoic.

In the northern Pampean ranges cooling and exhumation within the temperature interval

of approximately 200 ◦C is probably related to erosion affecting a pronounced relief generated

during former orogenic phases in the Paleozoic (e.g. Löbens et al. submitted a), similar to the

most westerly mountain ranges of the Western Sierras Pampeanas, i.e. the Sierra de Pie de Palo

(Löbens et al. submitted b) and the Sierra Valle Fértil, as well as the Sierra de Pocho in the

Eastern Sierras Pampeanas. Onset of cooling concerning this temperature interval of the ranges

farther in the south of the Sierras Pampeanas, i.e. the Sierra de Comechingones, the Sierra de

San Luis (Bense et al. submitted a), the Sierra de El Gigante, the Sierra de Varela, and Cantera

Green, is presumably caused by a Permo-Triassic compressional event (see above; Fig. 6.8). This

process probably also affected the regions of the Sierra de Pie de Palo and the Sierra Valle Fértil

leading to further cooling and exhumation within these areas. Whether it had also an effect

on the northern Pampean ranges cannot be excluded, but it is not very likely. Further, this

compressional phase is potentially related to a Permo-Triassic flat-slab subduction as suggested

by decreasing ages of arc-related volcanism towards the east shown by Ramos & Folguera (2009),

analogue to the Andean flat-slab subduction (e.g. Barazangi & Isacks 1976; Pardo Casas &

Molnar 1987; Smalley & Isacks 1990; Cahill & Isacks 1992; Löbens et al. 2011). But since the

N-S extent of this flat-slab segment was presumably restricted to the more southern parts of the

recent Sierras Pampeanas, i.e. the Eastern and Western Pampean ranges, the most northern

mountain ranges, e.g. the Sierra de Aconquija and the Cumbres Calchaqúıes, were not affected.

During the Mesozoic cooling and exhumation or burial re-heating in the northern and southern

parts of the Sierras Pampeanas are mainly linked to rift events and the relative position of the

individual ranges to the related rift basins. The Triassic rifting mainly affected the Western

Sierras Pampeanas as indicated by the thermochronological record suggesting a considerable

cooling activity, especially for the mountain ranges proximal to the rift. While the Eastern

Sierras Pampeanas and the northern Pampean ranges can be characterised by a period of thermal

stability during that time. Contrastingly, Cretaceous rifting generally rather affected the more

easterly part of the Sierras Pampeanas (e.g. Rossello & Mozetic 1999; Ramos et al. 2002), which

also includes the Sierra de Aconquija and the Cumbres Calchaqúıes in the north. Therefore,

there was particular cooling and exhumation or burial re-heating in these regions, i.e. Sierra

de Aconquija (Sobel & Strecker 2003; Löbens et al. submitted a) and the Sierra de El Gigante

(Fig. 6.8), respectively, during that time, whereas the most western exposures of the Sierras

Pampeanas were less affected.

The most important differences between the northern Pampean ranges and the Western

and Eastern Sierras Pampeanas concern the thermal evolution during the Paleogene and the

Neogene. The basement in the former region was partly affected by burial re-heating during the

Paleogene, which was presumably related to the early uplift of the Puna Plateau accompanied by
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sedimentation into a foreland basin to the east (e.g. Mortimer et al. 2007; Löbens et al. submitted

a). Subsequently, the development of the modern topography, i.e. exhumation and uplift of the

recent mountain ranges, dominantly occurred during the Neogene (e.g. Coughlin et al. 1998;

Sobel & Strecker 2003; Carrapa et al. 2005; Mortimer et al. 2007; Löbens et al. submitted a).

Whether this is related to the Miocene flat-slab subduction of the Nazca Plate beneath the South

American Plate (e.g. Barazangi & Isacks 1976; Pilger 1981; Jordan & Allmendinger 1986), as

previously generally proposed in the literature (e.g. González Bonorino 1950; Ramos et al. 2002),

is not constrained by thermochronological data. Therefore, it could be possible that there is a

correlation between the uplift of the northern Pampean ranges and the shallowing of the Nazca

Plate, but there is no clear thermochronological indication.

Contrastingly, thermochronological data and related cooling models suggest that the regions

of the Eastern and Western Sierras Pampeanas are generally characterised by cooling and

exhumation to near-surface temperatures since the Late Cretaceous to Paleogene, locally even

earlier than Late Cretaceous (i.e. Sierra de Pocho). Therefore, exhumation occurred considerably

earlier than in the northern Pampean ranges. To what extend the Andean deformation during

the Neogene contributes to the overall exhumation and uplift within these regions as well as

whether these processes are linked to the Miocene flat-slab subduction is not clearly illuminated

by the thermochronological data. But the proposed Neogene influence, including the flattening

of the subduction angle of the Nazca Plate, is probably overestimated so far.

6.6 Conclusions

(1) Locally, the oldest cooling event occurred during the Carboniferous, which we conclude being

related to a period of orogenic collapse.

(2) New thermochronological data show pronounced cooling during Permian to Triassic times.

We attribute this to a period of flat-slab subduction at these latitudes supported by our

data, which clearly show a distinct propagation of cooling activity from the south-western

Sierras Pampeanas to the east in Early to Middle Triassic times. Additional evidence comes

from an eastward propagation of Late Paleozoic calk-alkaline magmatism from the Southern

Central Andes to the south-western Sierras Pampeanas during that period.

(3) Cooling decelerated or stagnated during the Late Triassic until the Early Cretaceous. This is

contemporaneous with two rift events affecting the Sierras Pampeanas. Burial re-heating and

reset of AHe ages is only observed in the Sierra de El Gigante, which is related to Cretaceous

sedimentary cover of the basement. This implicate that substantial sedimentary thicknesses

were only accumulated along the narrow and spatially restricted Cretaceous rift basins as

well as the existence of topography during this time.

(4) Published and new thermochronological data from the Sierras Pampeanas indicate that
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cooling to near-surface temperatures occurred between the Late Cretaceous and the Paleogene.

This strongly supports the idea that a positive topography already existed before Neogene

flat-slab subduction. We conclude that the amount of uplift attributed to this event is

overestimated by previous models. Instead, we suggest that the Andean flat-slab subduction

just accentuated the pre-existing relief.

(5) AHe ages and denudation rates of the Sierras de San Luis and Comechingones, although

initially not intended to date paleolandsurfaces, support the formation age of erosional

surfaces suggested by geomorphological studies. Denudation rates are considerably small,

varying between 0.010 and 0.024 km/Ma, hence we consider quiet stable conditions since

samples passed through the PRZA in Jurassic to Cretaceous times.

(6) Since the extent of the Permo-Triassic flat-slab is not well known, an effect on the northern

Pampean ranges cannot be excluded but it is, based on thermochronological data, not very

likely. The Western and Eastern Sierras Pampeanas were generally affected by exhumation

to near-surface temperatures since Late Cretaceous to Paleogene times. In contrast, final

cooling in the northern Pampean ranges, at least in the Sierra de Aconquija and the Cumbres

Calchaqúıes, occurred during the Neogene.
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General conclusions and outlook

The results and interpretations of the different regions within the Sierras Pampeanas, i.e. the

Eastern and Western Sierras Pampeanas (Chs. 3 and 4) and the northern Pampean ranges (Ch. 5),

as well as of the synthesis of those areas (Ch. 6) presented in this thesis and the work of Frithjof

Bense provide further and new insights concerning the main topics addressed in Chapter 1. In

the following the most important findings, concluded from these theses, are summarised:

In the Eastern Sierras Pampeanas the transition from ductile to brittle deformation,

constrained by K-Ar dating on illite fine-fractions, commenced during the Carboniferous, which

is consistent with ages of regional cooling following the Achalian Orogeny. Additionally, this

indicates that there has been a long lasting period of brittle deformation within the eastern

Pampean ranges, at least in the Sierra de Comchingones and the Sierra de San Luis. Further,

ages of K-Ar illite fine fractions also indicate a major Permo-Triassic compressional event which

is probably responsible for onset of cooling below illite forming temperatures, hence exhumation

within the Eastern Sierras Pampeanas. This deformation period can be linked to a first episode

of flat-slab subduction (e.g. Ramos & Folguera 2009) but whether the San Rafael Orogeny is

associated with the latter has to be verified.

However, this Permo-Triassic event is also recorded by integrated thermal modelling, based on

the ZHe, AFT, and AHe thermochronometers, constraining cooling below ∼200 ◦C. This cooling

below the PRZZ towards surface temperatures is temporally differential comparing the different

mountain ranges in the Eastern Sierras Pampeanas as well as concerning areas within the ranges

themselves. The latter, especially conspicuous between the eastern and western parts of the

Sierra de San Luis, is attributed to differential block faulting. Final cooling to near-surface

temperatures, thus exhumation, in the Eastern Sierras Pampeanas generally occurred during

the Late Cretaceous. The long-term cooling rates referred to cooling from the PRZZ to surface

temperature are variable (2-10 ◦C/Ma) in the individual mountain ranges through time, but

at least since around 80 Ma these rates are quiet low (<1.5 ◦C/Ma) indicating relatively stable

conditions since that time. The latter agrees with the remarkable preservation of Mesozoic
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paleolandsurfaces, which are mainly located at the eastern slope of the uplifted blocks.

The investigated area in the Western Sierras Pampeanas, the Sierra de Pie de Palo, is

characterised by a prolonged cooling and exhumation history from below approximately 175 ◦C

towards near-surface temperatures since Late Paleozoic times. During the Late Paleozoic to the

Triassic this cooling is firstly controlled by erosion affecting a rugged relief, which was generated

during the Famatinian Orogeny; and by Permo-Triassic compressional deformation afterwards.

A still existing positive relief was affected by erosion, occasionally controlled by an extensional

tectonic setting, causing further cooling and exhumation during the Mesozoic. The final phase

of cooling and exhumation below PRZA temperatures commenced between Cretaceous and

Paleogene times, possibly at around 60 Ma, and is related to en-block uplift accompanied by

tectonically controlled erosion during the early stage of the Andean deformation.

In the northern Sierras Pampeanas, i.e. the Sierra de Aconquija and the Cumbres

Calchaqúıes, initial Paleozoic cooling, constrained by muscovite and biotite K-Ar data, is

presumably related to tectonic deformation associated with the latest stage of the Famatinian

Orogeny as well as to erosion affecting the pronounced relief generated during this orogenic

phase. During the Mesozoic erosion, which was mainly climatically controlled, caused further

but generally decelerated cooling and exhumation in the northern Pampean ranges. Between the

Late Cretaceous and the Paleogene the mountain ranges in the northern Sierras Pampeanas are

characterised by different thermal evolutions. The region of the Sierra de Aconquija was affected

by re-heating due to burial beneath sediments derived from the early Puna Plateau lasting

until the Late Miocene. Contrastingly, the area of the Cumbres Calchaqúıes firstly experienced

exhumation, which was caused by uplift of a Cretaceous rift shoulder, followed by burial re-heating

during the Miocene. Subsequently, the Late Miocene Andean deformation was accommodated

by main bounding faults of the mountain ranges in the northern Sierras Pampeanas leading to

significant exhumation and uplift, hence to cooling to near-surface temperatures in this region

during that time. Final cooling to surface temperature was locally climatically controlled, at least

in the Sierra de Aconquija, where the mountain range became an orographic barrier between

humid and arid areas east and west of the range, respectively.

Considering the entire Argentine Sierras Pampeanas the new thermochronological data

presented in this study i) indicate that significant cooling occurred during the Permian-Triassic,

with a distinct propagation from the southwestern parts towards the east in Early-Middle Triassic

times strongly supporting the theory of a Permo-Triassic flat-slab subduction setting in the

southern Pampean ranges during that period. ii) Cooling to near-surface temperatures in the

Eastern and Western Sierras Pampeanas occurred between the Late Cretaceous and the Paleogene,

whereas the northern Sierras Pampeanas, at least the investigated areas, are characterised by

final exhumation in the Neogene. Therefore, a positive relief already existed in the Eastern

and Western Sierras Pampeanas before the Neogene and the amount of uplift referred to the

Andean flat-slab subduction is probably marginal in these areas, contradicting previous hyptheses.
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iii) Total amounts of exhumation, rock uplift, and peak level uplift are considerably variable

in the different regions of the Sierras Pampeanas. iv) Time constraints for the formation of

erosion surfaces, as suggested by geomorphological studies favouring a diachronic evolution of

planation surfaces, are supported by obtained apatite helium ages and long-term denudation

rates, indicating quiet stable conditions since Jurassic to Cretaceous times.

Outlook

The thermochronological results and their interpretations concerning the thermal, structural,

and landscape evolution of the Argentine Sierras Pampeanas presented in this thesis also provide

a substantiated base for potential future research addressing the following topics:

• Additional investigations of elevation profiles within mountain ranges, which were i) not

considered in this work, e.g. the Sierras de Chepes, as well as ii) in areas north and south

from the presented profiles, e.g. in the Sierra de San Luis, using the apatite fission-track as

well as the zircon and apatite (U-Th)/He termochronomters, would potentially illuminate

differential exhumation and uplift histories (especially in N-S direction) on i) a regional

and ii) a local scale.

• Determine exposure ages using cosmogenic noblegases, i.e. 3He and 21Ne, could help

to verify the proposed landscape evolution at least for parts of the northern Pampean

ranges, e.g. the Sierra de Aconquija, where the uplift presumably occurred during the Late

Miocene.

• The investigation of denudation rates using in-situ cosmogenic nuclides, e.g. 10Be and 26Al,

possibly supports the calculated amounts of exhumation in this work. Potential sampling

areas are represented by the summit of the Sierra de Pie de Palo and the Las Chacras

Batholith.

• Investigating the samples collected for this study using the zircon fission-track ther-

mochronometer is critical because of expected great ages, but it would complete the

gap in cooling history between the high temperature thermochronological ages published

by Steenken et al. (2010), amongst others, and the ages obtained during this study.

• In which way stable isotopes, i.e. δ18O and δD, as proposed by Mulch et al. (2010), amongst

others, are appropriate to contribute investigating the landscape evolution in the Sierras

Pampeanas, could also be tested.

143



8

References

Abascal, Liliana del V. 2005. Combined thin-skinned and thick-skinned deformation in the central
Andean foreland of northwestern Argentina. Journal of South American Earth Sciences, 19(1), 75–81.

Aceñolanza, F. G., & Toselli, A. J. 1988. El Sistema de Famatina, Argentina: su interpretación
como orógeno de margen continental activo. V Congreso Geologico Chileno, 1, 55–67.

Ahnert, F. 1970. Functional relationships between denudation, relief, and uplift in large, mid-latitude
drainage basins. American Journal of Science, 268, 243–263.
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19, 1093–1112.
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Yrigoyen, M. (ed), Geoloǵıa y Recursos Naturales de la Provincia de San Luis.
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159



8

REFERENCES

Salfity, J. A., & Monaldi, C. R. 1998. Mapa Geológico de la Provincia de Salta. Servicio Geológico
Minero Argentino, Buenos Aires.

Santa Cruz, E. O. 1979. Geologia de las unidades sedimentarias aflorantes en el area de las cuencas
de los rios Quinto y Conlara, provincia de San Luis, Republica Argentina. Translated Title: Geology
of sedimentary units outcropping in the region of the Quinto and Conlara river. Actas del Congreso
Geologico Argentino, 7(Tomo I), 335–349.

Sasso, A. M., & Clark, A. H. 1998. The Farallón Negro Group, northwest Argentina: Magmatic,
hydrothermal and tectonic evolution and implications for Cu-Au metallogeny in the Andean back-arc.
SEG Newslett., 34, 6–18.

Sato, A.M, Tickyj, H., Llamb́ıas, E.J, & Sato, K. 2000. The Las Matras tonalitic–trondhjemitic
pluton, central Argentina: Grenvillian-age constraints, geochemical characteristics, and regional impli-
cations. Journal of South American Earth Sciences, 13(7), 587–610.
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west of Córdoba (Central Argentina). Neues Jahrbuch für Geologie und Paläontologie - Abhandlungen,
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José y Las Arcas (Neógeno) en la localidad de Entre Rı́os, Catamarca. Rev. Assoc. Geol. Argen., 53,
158–166.

Vita Finzi, Claudio. 2009. Pie de Palo, Argentina: A cataclastic diapir. Geomorphology, 104(3-4),
317–322.

von Gosen, W., & Prozzi, C. 1998. Structural evolution of the Sierra de San Luis (Eastern Sierras
Pampeanas, Argentina): implications for the Proto-Andean Margin of Gondwana. Geological Society,
London, Special Publications, 142(1), 235–258.
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und duktilen Bereich, Beispiele aus der KTB Vorbohrung (Oberpfalz) und dem Bereich der Insubrischen
Linie (N-Italien). Göttinger Arbeiten zur Geologie und Paläontologie, 51, 1–61.
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S. 2011. The tectonic significance of K/Ar illite fine-fraction ages from the San Luis Formation (Eastern
Sierras Pampeanas, Argentina). International Journal of Earth Sciences, 100(2-3), 659–669.

Whittaker, Alexander C., & Boulton, Sarah J. 2012. Tectonic and climatic controls on knickpoint
retreat rates and landscape response times. Journal of Geophysical Research, 117(F2).

Willett, Sean D. 1999. Orogeny and orography: The effects of erosion on the structure of mountain
belts. Journal of Geophysical Research, 104(B12), 28957–28981.

Wolf, R.A, Farley, K. A., & Silver, L.T. 1996. Helium diffusion and low-temperature ther-
mochronometry of apatite. Geochimica et Cosmochimica Acta, 60(21), 4231–4240.

Wolf, R.A, Farley, K. A., & Kass, D.M. 1998. Modeling of the temperature sensitivity of the
apatite (U–Th)/He thermochronometer. Chemical Geology, 148(1-2), 105–114.

Wolff, R., Dunkl, I., Kiesselbach, G., Wemmer, K., & Siegesmund, S. 2012. Thermochronological
constraints on the multiphase exhumation history of the Ivrea-Verbano Zone of the Southern Alps.
Tectonophysics.

Yáñez, Gonzalo A., Ranero, César R., Huene, Roland von, & Dı́az, Juan. 2001. Magnetic
anomaly interpretation across the southern central Andes (32◦–34◦ S): The role of the Juan Fernández
Ridge in the late Tertiary evolution of the margin. Journal of Geophysical Research, 106(B4), 6325–6345.

Yoder, H.S, & Eugster, H.P. 1955. Synthetic and natural muscovites. Geochimica et Cosmochimica
Acta, 8(5-6), 225–280.

York, Derek, Hall, Chris M., Yanase, Yotaro, Hanes, John A., & Kenyon, W. John. 1981.
40 Ar/ 39 Ar dating of terrestrial minerals with a continuous laser. Geophysical Research Letters, 8(11),
1136.

Yrigoyen, M. R. 1975. La edad Cretácica del Grupo del Gigante (San Luis) y su relacón con cuencas
circunvecinas. 2:29–56. Actas Primero Congreso Argentino de Paleontoloǵıa y Bioestratigraf́ıa, 2, 29–56.
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Appendix A

Sample treatment and analytical

procedure

This description of sample treatment and analytical procedure is published in Löbens et al. (2011),

especially describing the practical background. Although there are minor repetitions concerning

Chapter 2 of this thesis, no passage has been erased in order to avoid misunderstandings with

regards to content.

AFT analytical techniques

Following standard density and magnetic mineral separation techniques apatite samples were

mounted on a glass slide with epoxy. According to Donelick et al. (1999) the mounts were etched

at 21 ◦C for 20 s using 5.50 M HNO3 after grinding and polishing procedures in order to reveal

spontaneous tracks within the apatite crystals. The external detector method described by

Gleadow (1981) was used, whereby low-uranium muscovite sheets (Goodfellow mica) represent

the external detector for induced tracks. For age determination the zeta calibration approach was

adopted Hurford & Green (1983) and at least 25 good-quality grains per sample were randomly

selected and dated. The fission-track ages were calculated using the software TRACKKEY version

4.2g (Dunkl 2002). Further, for all samples that had been dated ten Dpar measurements per grain

were averaged to evaluate possible populations of different apatite compositions. Additionally,

for track length analysis around 50-60 horizontal confined tracks of each sample were measured

considering their angle to the crystallographic c-axis (Donelick et al. 1999).

(U-Th)/He analytical technique

For this work 2-4 apatite single apatite crystal aliquots as well as three zircon single crystal

aliquots from the samples were carefully handpicked using a binocular and petrologic microscopes.
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Only inclusion and fissure-free grains showing a well defined external morphology were used,

whereas euhedral crystals were preferred. The shape parameters of each single crystal were

determined, e.g. length and width, and archived by digital microphotographs in order to apply

the correction of alpha ejection described by Farley et al. (1996). Subsequently, the crystals

were wrapped in an approximately 1×1 mm sized platinum capsule and analysed following a two

stage analytical procedure (Reiners & Brandon 2006). This is characterised by i) measuring

the 4He extraction, and ii) by analysing the 238U, 232Th and Sm content of the same crystal.

During the first step, that was operated by HeLID automation software through a K8000/Poirot

interface board, the Pt capsules were degassed in high vacuum by heating with an infrared

diode laser. The extracted gas was purified using a SAES Ti-Zr getter at 450 ◦C and the inert

noble gases as well as a minor amount of rest gases were measured by a Hiden triple-filter

quadrupole mass spectrometer equipped with a positive ion counting detector. Re-extraction

was performed for each sample to control the quantitative amount of extracted helium. During

the He measurement 240 readings of the mass spectrometer were recorded for every standard

and sample. After degassing the samples were retrieved from the gas extraction line and spiked

with calibrated 230Th und 233U solutions. Zircon crystals were dissolved in pressurised teflon

bombs using distilled 48 % HF + 65 % HNO3 for five days at 220 ◦C. For apatite 2 % HNO3 was

used. These spiked solutions were then analysed by istope dilution method using a Perkin Elmer

Elan DRC II ICP-MS provided with an APEX micro flow nebuliser.

To process and evaluate the He signal as well as the data of the ICP-MS measurements the

factory-made software of the mass spectrometer MASsoft and the freeware software PEPITA,

(Dunkl et al. 2008), were used. Regarding the latter evaluation, 40 to 70 readings of the ICP-MS

were considered and individual outliers of the 233U/238U as well as 230Th/233Th ratios were

tested and rejected according to the 2σ deviation criterion. Finally, the raw (U-Th)/He ages

of zircon and apatite were form-corrected (Ft correction) following Farley et al. (1996) and

Hourigan et al. (2005). Replicate analyses of Durango apatite over the period of this study

yield a mean (U Th)/He age of 30.4± 1.7 Ma, which is in good agreement with the reference

(U-Th)/He age of 31.12± 1.01 Ma (McDowell et al. 2005). Replicate analyses of the Fish Canyon

zircon standard yield a mean (U-Th)/He age of 28.0± 1.6 Ma, which is also in good agreement

with the reference Ar-Ar age of 27.9± 1.01 Ma (Hurford & Hammerschmidt 1985) and reference

U/Pb-age of 28.48± 0.029 Ma (Schmitz & Bowring 2001).

Ar-Ar dating on trachyandesites

Samples were crushed, washed, sieved and hand-picked for small whole-rock chips or minerals

suitable for dating. The monitor mineral TCR-2 with an age of 27.87 Ma (Lanphere & Dalrymple

2000) was used to monitor neutron flux and calculate the irradiation parameter, J, for all

samples. The samples and standards were wrapped in aluminium foil and loaded into aluminium

cans of 2.5 cm diameter and 6 cm height. All samples were irradiated in position 5c of the
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uranium-enriched research reactor of McMaster University in Hamilton, Ontario, Canada for

0.75 megawatt-hours.

Upon their return from the reactor, the whole rock chips and grains of the monitor mineral

were loaded into 2 mm diameter holes in a copper tray that was then loaded in an ultra-high

vacuum extraction line. The monitors were fused, and samples heated, using an 8-watt argon-ion

laser following the technique described in York et al. (1981), Layer et al. (1987), and Layer

(2000). Multiple holes were heated at the same time to improve the signal. Argon purification

was achieved using a liquid nitrogen cold trap and a SAES Zr-Al getter at 400 ◦C for 20 min. The

samples were analysed in a VG-3600 mass spectrometer controlled by a Visual Basic operating

program written in-house. The measured argon isotopes were corrected for system blank and

mass discrimination, and for the irradiated samples, calcium, potassium and chlorine interference

reactions, following procedures outlined in McDougall & Harrison (1999) and using the constants

of Steiger & Jäger (1977). System blanks generally were 2×10−16 mol 40Ar and 2×10−18 mol

36Ar, which are 5 to 50 times smaller than fraction volumes. Mass discrimination was monitored

by running both calibrated air shots and a zero-age glass sample. These measurements were

made on a weekly to monthly basis to check for changes in mass discrimination. Two runs of each

sample were done, and the most precise run was chosen for presentation and discussion. Plateau

and isochron analysis was done on all samples. A sample is considered to have a plateau if it has

three or more contiguous fractions constituting at least 50 % 39Ar release and is significant at the

95 % confidence level (as indicated by Mean Square Weighted Deviates; MSWD< 2.5). A sample

is considered to form an isochron if it has three or more contiguous fractions that form a linear

array that is significant at the 95 % confidence level (MSWD< 2.5). The choice of using the

plateau age or isochron age was determined by looking at the plots. If the isochron intercept was,

within error, the same as the atmospheric value (40Ar/36Ar = 295.5) then generally the plateau

age was chosen.
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