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Abstract. The history of the Puna Plateau and its marginal basins and
ranges in the Eastern Cordillera and the northern Sierras Pampeanas
structural provinces in northwestern Argentina impressively documents the effects of tectonics and topography on atmospheric circulation patterns, the successive evolution of orographic barriers, as well as their
influence on erosion and sedimentation processes. In addition, this region
exemplifies that there are several pathways by which tectonic activity may be coupled to the effects of climate and erosion. Apatite fission track and sedimentologic data indicate that distributed,
diachronous uplift of ranges within the present Puna Plateau of NW
Argentina began as early as Oligocene time, compartmentalizing a
foreland region similar to tectonically active sectors along the current eastern plateau margins. However, fission track data from detrital apatite in sedimentary basins and vertical profiles along the eastern plateau margin document that wholesale plateau uplift probably affected this region in mid to late Miocene time, which may have
been associated with mantle delamination. This coincided with the
establishment of humid conditions along the eastern Puna margin
and a sustained arid to hyper-arid climate within the plateau region.
A common feature of the Puna Plateau is that its location corresponds
to hyper-arid areas of the landscape in which channels fail to incise
deeply into basin sediments or surrounding basement ranges. Importantly, the local base-level is hydrologically isolated from the
foreland. This isolation occurs where the incising power of regional
drainage systems has been greatly reduced due to a combination of
diminished precipitation related to regional climate and local orography, and exposure of resistant bedrock. Hydrologic isolation of the
plateau from the foreland permits deposition within basins as material is eroded from the surrounding ranges, reducing the relief between basins and adjacent peaks. While a variety of deformation styles
and possibly combinations of different processes may have generated the high elevations observed in the Puna Plateau, the observed
low-relief morphology requires evacuation of material via regional
fluvial systems to be restricted. Therefore, the low-relief character of
the orogenic plateau may be a geomorphic, rather than a tectonic
phenomenon. At the eastern plateau margins similar basin histories
can be observed in fault-bounded intramontane depressions that
straddle the eastern Puna border. However, these basins remain only
transiently isolated and internally drained due to their proximity to
the high precipitation gradients which were established by orographic barriers in the course of Pliocene uplift. These outlying barriers focus precipitation, erosion, promote headward erosion, stream
capture, and ultimately basin exhumation. This conspiring set of processes thus prevents these areas to become incorporated into the
plateau realm, while the interior of the orogen conserves mass and
may influence deformation patterns in the foreland due to high
lithostatic stresses. Sustained aridity in the core of the orogen may
thus be responsible for the creation, maintenance and potential for
future lateral growth of the plateau, thus emphasizing the coupling
between tectonics, climate and erosion.
* Corresponding author.

12.1 Introduction
With a length of about 7000 km, peak elevations in excess of 6 km, pronounced tectonic activity, and different
climatic regimes, the Andes are the ideal non-collisional
orogen for studying the coupled processes of deformation,
climate, and erosion. Here, meridionally oriented ranges
built by Cenozoic tectonic activity are generally oriented
perpendicular to moisture-bearing winds, and so as moist
air masses impinge on their margins, large precipitation
gradients result. In southern Bolivia and NW Argentina,
the Subandean, Interandean, and Eastern Cordillera
Ranges block moisture-bearing winds that originate in
the Amazon Basin and the Atlantic, leading to pronounced
contrasts between humid sectors along the eastern flanks
of the orogen, and arid conditions within the Puna-Altiplano Plateau and the Western Cordillera (Fig. 12.1). Similarly, farther south where the southern hemisphere westerlies impinge on the Patagonian Andes, high precipitation
on the windward western side of the orogen contrasts drastically with the arid climate to the east (WMO 1975; Lenters
and Cook 1997). These differences create strong effects on
erosion and sediment transport in both regions (e.g.,
Bangs and Cande 1997; Haselton et al. 2002; Hartley 2003;
Stern and Blisniuk 2003; Blisniuk et al. 2005).
Given the large gradients in climate, and coupling between deformation and erosional efficiency that have been
postulated for other orogens (e.g., Koons 1989; Isacks 1992;
Willett 1999; Zeitler et al. 2001; Burbank 2002; Reiners
et al. 2003; Hilley et al. 2004; Whipple and Meade 2004;
Thiede et al. 2004), it is likely that the feedbacks between
erosion and deformation could be important in the development of the Andes as well (Masek et al. 1994; Horton
1999; Montgomery et al. 2001; Sobel et al. 2003; Sobel and
Strecker 2003; Lamb and Davis 2003). First, the topographic configuration and climatic conditions imply that
ongoing tectonic uplift and migration of deformation in
the Andes may have had a significant impact on the distribution of precipitation, and hence erosion, in space and
time. For example, the eastward migration of tectonic
activity in the central Andes (Strecker et al. 1989; Ramos
et al. 2002) combined with an easterly moisture source
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focuses precipitation on the eastern windward slopes and
successively starves the leeward western portions of the
orogen of moisture (e.g., Kleinert and Strecker 2001; Sobel
and Strecker 2003). Consequently, discharge within channels, and hence incision and landscape lowering rates will
ultimately be reduced over geologic time in the arid interior of the orogen (e.g., Sobel et al. 2003). Second, as a
consequence of the topographic configuration erosion will
likely be strongest in those parts of the Andes where precipitation impinges on the eastern slopes or where topographic lows or gaps associated with structural discontinuities allow moisture to migrate farther into the orogen
(Horton 1999; Sobel et al. 2003; Sobel and Strecker 2003;
Coutand et al. 2006). In light of the long-term aridity of
the Central Andes Lamb and Davis (2003) suggested an
intimate link between aridity and tectonic uplift. In their
view the rise of the orogen is closely related to the lack of
sediment input into the Peru-Chile trench, which results
in a high degree of plate coupling and increase in shear
stresses that are ultimately responsible for supporting the
high elevation of the Andes.
Here, we summarize our previous work in the Argentine Andes that strives to elucidate the relationships between tectonics and climate. We focus on the Puna Plateau and adjacent areas between about 22 and 27° S as
well as the Argentine Precordillera in the area of flat-slab
subduction at about 30° S. We have constrained variations
in the loci of deformation, changes in erosional style, and
Tertiary and Quaternary climate fluctuations using geologic mapping, geochronology, provenance, and geochemical analysis. We first review the geologic and long-term
climatic development of the central Andes and show that
tectonic uplift has had a significant impact on establishing orographic barriers and moderating the spatial distribution of precipitation. As a result, the associated concentration of precipitation has strongly moderated erosional exhumation in various parts of the orogen. In a
second step, we evaluate the interplay between climatedriven surface processes and tectonism and their influence on developing intra-orogenic plateau topography, as
well as their role in causing oscillations between transiently closed and externally drained intramontane basins. Finally, we review long-term climate conditions and
deformation patterns in the northwest and central Argentine Andes to speculate that climate may influence tectonism in these sectors of the Andean orogen.

12.2 Geologic Setting
The Andes of western and northwestern Argentina are
an integral part of the southern end of the Central Andes
structural domain (Fig. 12.1). The key morphotectonic
divisions in the area consist of, generally from west to east,
the western slope of the Andes, the active magmatic arc,

Fig. 12.1. Major geologic provinces of the southern central Andes
superposed on shaded relief map derived from Shuttle Radar Topography Mission (SRTM). Boundaries of geologic provinces modified after Jordan et al. (1983)

the arid Puna Plateau, the Cordillera Oriental, and the Sierras Pampeanas reverse fault bounded ranges to the east.
The Puna Plateau region has an average elevation of
3700 m with broad depocenters separated by meridionally
trending mountain ranges, often in excess of 6000 m elevation. These sedimentary basins are presently internally
drained and contain thick sequences of continental evaporites and clastic deposits (Jordan and Alonso 1987;
Alonso et al. 1991). Contraction in the region of the present-day plateau and adjacent areas in the Eastern Cordillera and the northern Sierras Pampeanas has apparently contributed to the formation of closed depocenters
on the present plateau and transiently closed intramontane basins within the other tectonic provinces of northwestern Argentina (Strecker et al. 1989; Alonso et al. 1991;
Grier et al. 1991; Kraemer et al. 1999; Coutand et al. 2001;
Marrett and Strecker 2000; Bossi et al. 2001; Hilley and
Strecker 2005; Carrapa et al. 2005).
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The Eastern Cordillera comprises a region of late Proterozoic to early Paleozoic metasedimentary and intrusive rocks (e.g., Jezek et al. 1985; Omarini 1983) that were
uplifted along bivergent, north-northeast striking thrust
faults, which were largely responsible for the deformation of Neogene intramontane and foreland sedimentary
sequences (Mon and Salfity 1995). In the northern and
central portion of this area east of the Cordillera Oriental, the Santa Barbara thrust belt involves Precambrian
metagreywackes and Cretaceous and Tertiary sediments.
These units are deformed by reverse faulting along preexisting Cretaceous normal faults that define the southern termination of the Cretaceous Salta continental rift
basin (e.g., Grier et al. 1991; Kley and Monaldi 2002; Kley
et al. 2005; Marquillas et al. 2005; Gonzáles and Mon 1996;
Mon et al. 2005).
The Sierras Pampeanas between 27 and 33° S are structurally transitional to the mountain ranges of the Puna
and the Cordillera Oriental and comprise Laramide-style
crystalline basement uplifts in a region, which coincides
with the flat subduction of the oceanic Nazca Plate (e.g.,
Mon 1979; Jordan et al. 1983; Gonzáles and Mon 1996)
that became active in late Miocene time after the last Tertiary transgression into the Andean foreland (e.g., Ramos
and Alonso 1995; Ramos et al. 2002), accelerated after
about 4 Ma, and culminated after 3 Ma, when intramontane basin deposits were folded and partly overthrust
(Strecker et al. 1989; Bossi et al. 2001; Kleinert and Strecker 2001; Sobel and Strecker 2003).
To the west, the Sierras Pampeanas province is bordered
by the thin-skinned Cordillera Principal, the Cordillera
Frontal, and the Precordillera, a foreland fold and thrust
belt that originated at approximately 20 Ma and which has
progressed eastward, forming an orogenic wedge geometry
with current activity concentrated in the Precordillera (Jordan et al. 1993; Ramos et al. 2002; Brooks et al. 2003).

12.3 Quaternary Climate Characteristics and
Geomorphic Processes

Fig. 12.2. Mean annual rainfall (m yr–1) draped over shaded relief for
the southern central Andes. Remotely-sensed rainfall data are derived from the TRMM (Tropical Rainfall Measurement Mission) satellite and have been calibrated using ground-control stations. Processing of the data is similar to the procedure described in Bookhagen
and Burbank (2006). Note the pronounced high rainfall areas on the
windward slopes in the Bolivian and Argentine Subandean belts, the
Santa Barbara System and the northwestern Sierras Pampeanas vs.
the interior and western flanks of the central Andes

Although this study emphasizes aspects of climate and
tectonics on 100 kyr to 10 Ma timescales, it is important
to characterize the present-day climate and its variability
on timescales of kyrs and yrs to better evaluate long-term
climate trends that have evolved in this part of the Andes.
The arid highlands of the Puna and intramontane basins
to the east are now one of the driest regions in the Andes.
Although moisture-bearing winds impinge on the eastfacing margin of the plateau, the high topography of the
Eastern Cordillera and the northwestern extension of the
Sierras Pampeanas borders the full length of the plateau,
effectively shielding this region from significant amounts
of eastwardly-derived precipitation (Fig. 12.2) (WMO 1975;
Masek et al. 1994; Haselton et al. 2002). This situation

inhibits the development of an effective bedrock fluvial
system, isolating the high plateau from the foreland baselevel, a setting reminiscent of conditions along the northeastern border of the Tibetan Plateau (e.g., Sobel et al. 2003).
The Puna/Altiplano region causes summertime climate
and atmospheric circulation over northwestern Argentina
to be governed by the South American monsoon system
(e.g., Zhou and Lau 1998), characterized by an upper-air
anticyclone (Bolivian High), a low-level trough (Chaco Low)
and high precipitation (Garreaud et al. 2003). Approximately
80% of the annual precipitation falls within the summer
months November–February (Bianchi and Yañez 1992), associated with southward moisture transport to the east of
the Andes through the Andean low-level jet (e.g., Nogués-
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Paegele and Mo 1997). Superposed on this circulation
pattern are orographic effects determined by the uplift
of ranges to the east of the Puna that shield intramontane
basins to the west from easterly moisture. These basins
receive less than 200 mm yr–1 precipitation, whereas the
regions along the orographic barrier receive more than
1500 mm yr–1 (Bianchi and Yañez 1992). These extreme
spatial differences in precipitation drastically affect erosional processes. For example, the orographic rainshadow
effect also reduces the long-term background erosion by
a factor of four on an east-west transect in the transition
between the northern Sierras Pampeanas and the Cordillera Oriental (Trauth et al. 2003a). Slopes of the windward flanks of the ranges are characterized by numerous
small rotational slumps and earthflows that are generated
annually, whereas rock avalanches with volumes in excess of 109 m3 and recurrence rates of 103 to 104 years occur in the semi-arid and arid intramontane valleys and
basins (e.g., Fauqué and Strecker 1988; Hermanns and
Strecker 1999; Hermanns et al. 2000, 2001; Trauth et al.
2000, 2003b; Trauth and Strecker 1999).
NW Argentina experiences significant intraannual
fluctuations in precipitation. The seasonal change in the
tropospheric temperature gradient between low and midlatitudes causes the subtropical westerly jet to extend farther north during the winter months, reaching its northernmost position around 27° S (Prohaska 1976; Hastenrath 1991). The resulting wintertime mean westerly flow,
which prevails over the study region in the mid and upper troposphere, prevents regional moisture transport
over the eastern slopes of the Andes and leads to a dry
winter climate (Prohaska 1976; Hastenrath 1991; Bianchi
and Yañez 1992). On interannual timescales, summer precipitation in the Central Andes is primarily related to
changes in meridional baroclinicity between tropical and
subtropical latitudes, which in turn is a response to sea
surface temperature anomalies in the tropical Pacific
(Ropelewski and Halpert 1987; Kiladis and Diaz 1989;
Bianchi and Yañez 1992; Vuille et al. 2000; Garreaud and
Aceituno 2001; Garreaud et al. 2003). The study region
therefore shows a significant relationship with the El Niño
Southern Oscillation (ENSO), featuring a weakened westerly flow with a significantly enhanced easterly moisture
transport during La Niña summers and strengthened
westerly flow with a significantly subdued easterly moisture transport during El Niño summers. As a result, the
rainy season is much more active during La Niña episodes
and less active during El Niño episodes, although this
trend is spatially and temporally highly variable (Bianchi
and Yañez 1992; Vuille 1999; Trauth et al. 2000, 2003b;
Marwan et al. 2003).
Subtropical South America has also been subjected to
important fluctuations in climate on timescales of 103 to

104 years. Quaternary lake-level changes, pollen data, and
snowline changes document significant shifts in temperature and precipitation (e.g., Ammann et al. 2001; Haselton
et al. 2002; Seltzer et al. 2003; Placzek et al. 2006). The
general agreement between the timing of more humid
conditions and periods of maximum summer insolation
on the Puna-Altiplano Plateau supports a first-order orbital control of the intensity of the South American summer monsoon (Baker et al. 2001). In greater detail, however, the timing and spatial significance of the wetter/drier
or cooler/warmer periods varies regionally, although the
differences between records from various regions may
reflect artefacts of dating uncertainties or ambiguous
environmental proxies (e.g., Markgraf and Seltzer 2001).
Periods of wetter climates and a stronger ENSO and/or
regional ENSO-influence during the last 50 kyrs in the
northwest Argentine Andes may also be responsible for
increased landsliding activity, landslide-dammed lakes,
and fluvial terraces (Trauth and Strecker 1999; Trauth et al.
2000, 2003b; Bookhagen et al. 2001; Robinson et al. 2005).
Although large landslide deposits (sturzstroms) in NW
Argentina occur along mountain fronts with known Quaternary tectonic activity (e.g., Fauqué and Strecker 1988;
Hermanns and Strecker 1999; Hermanns et al. 2000, 2001;
Fauqué and Tschilinguirian 2002), two significant landslide clusters at ~35 kyr BP (14C age) and at 4.5 kyr BP
(calibrated 14C ages) correlate with wet periods in the Altiplano, while apparently no landslides correlate with the
Tauca (13.4–11.5 kyr BP) and Coipasa (17.8–13 kyr BP)
humid phases (Trauth et al. 2003b). This observation suggests that in addition to orographic precipitation gradients, temporal variability of subtropical South American
climate also strongly impacts erosional processes in the
central Andes. In this context, the impact of ENSO-related precipitation fluctuations on erosion may be more
important than the influence of orbitally-induced shifts
in humidity (Trauth et al. 2003b).

12.4 Tertiary Climate Characteristics
Subtropical atmospheric subsidence and aridity in this
part of the Andes have apparently been long-lived features as South America has remained at its present latitude during the last 18 Ma (Scotese et al. 1988; Hartley
et al. 1992) and the present circulation system may have
already been established during the Paleogene (e.g.,
Parrish et al. 1982). However, paleoclimate proxy indicators from this region are ambiguous, sometimes contradictory, and limited. According to Hartley (2003), the effects of the Hadley circulation, the presence of the cold
Humboldt current, and the establishment of the Panama
land bridge resulted in the transition from an arid to a
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hyper-arid climate after 4 Ma. Prior to this, the existence
of the proto-Humboldt current (e.g., Zachos et al. 2001)
may have aided aridity in this part of South America. This
notion is supported by gypsiferous Oligocene units in the
Salar de Antofalla region (Fig. 12.3) at about 26°15' S
(Adelmann 2001; Carrapa et al. 2005). However, Gaupp
et al. (1999) and Sáez et al. (1999) report sedimentary sequences in Chile from separate basins in the core region
of the arid sector of the Andes that also record freshwater
lake environments under semi-humid conditions in late
Miocene time and a drastic switch to arid conditions between 6.4 and 3.7 Ma. This was followed by a return to
more variable, semi-humid conditions that lasted until
2.6 Ma, after which the present hyper-arid conditions were
established. The changeover to hyper-arid conditions at
this time is in agreement with interpretations by Hartley
and Chong (2002) about this region.
In NW Argentina limited sedimentologic, paleontologic, and stable isotope data sets can be combined to reconstruct Tertiary climatic conditions. In the Puna, aridification is commonly linked with the onset of internal
drainage and the appearance of evaporites between 24
and 15 Ma (e.g., Alonso et al. 1991; Vandervoort et al.
1995), although arid environments may have existed already in the Eocene (Adelmann 2001). In line with these
observations is the termination of supergene alteration
and copper-sulfide enrichment at about 24° S in the Atacama desert of northern Chile between 14 and 8.7 Ma
(Alpers and Brimhall 1988), at 27°10' S at 13.3 Ma, and at
27°47' S at 13.5 Ma (Sillitoe et al. 1991), in the volcanic
arc immediately west of the Puna. Furthermore, based
on the analysis of drainage patterns between 18 and 22° S,
Hoke et al. (2004) suggest that a changeover to hyper-arid
climate conditions may have occurred along the western
slopes of the Andes between about 10 and 5.8 Ma.
Sedimentologic indicators documenting climatic
change are also available from the intramontane basins
parallel to the eastern Puna margin. For example, in the
Santa Maria Valley, an intramontane basin between the
Aconquija, Calchaquí and Quilmes Ranges in the northernmost Sierras Pampeanas (Fig. 12.3), vertic paleosols in
sediments of the Santa María Group deposited in this basin
between 12 and 10.7 Ma suggest a wet-dry seasonal climate
(Kleinert and Strecker 2001). These latter soils were apparently waterlogged frequently and could have hosted salttolerant C3-vegetation based on δ13C analysis of paleosol
carbonates (Kleinert and Strecker 2001). Authigenic clays
in the Andalhuala Formation (7.1–3.4 Ma) of the Santa
María Group suggest weathering under more humid conditions than now, but stable carbon isotope data from this
formation document that C4 plants appeared in the valley
by approximately 7 Ma, similar to observations at Corral
Quemado (CQ in Fig. 12.3) farther south (Latorre et al. 1997;

Fig. 12.3. Digital elevation map of the southern central Andes based
on SRTM data, including important structures. Structures are
modified from Sobel et al. (2003) and references therein. Colored
dots show apatite fission-track (AFT) cooling ages and 40Ar/39Ar
and K/Ar ages of supergene and hypogene mineralization. The
plotted data are listed in Tables 12.1 and 12.2. AFT age distribution reflects the role of aridity in minimizing magnitude of erosion since tectonically driven exhumation occurred; argon ages
reflect changes in ground water availability and hence timing of
aridification. Locality abbreviations are: A: Angastaco Basin; AB:
Salar de Arizaro; AC: Sierra Aconquija; AD: Atacama Basin; C: Sierra Calalaste; CA: Valle del Cajón; CC: Calchaquí Range; CD: Cordillera Domeyko; CQ: Puerta de Corral Quemado; CR: Sierra
Chango Real; F: Bolsón de Fíambalá; H: Quebrada de Humahuaca;
HM: Salar de Hombre Muerto; PG: Salar de Pastos Grandes; QT:
Quebrada del Toro; SA: Salar de Antofalla/Antofalla Basin; SG: Salinas Grandes Basin; SC: Siete Curvas; SP: Sierra Pasha; SM: Santa
María Valley; SQ: Sierra de Quilmes; TC: Tres Cruces Basin; VC:
Calchaquí Valley. The sources for all reported ages are documented
in Tables 12.1 and 12.2
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Kleinert and Strecker 2001). Yet the ecosystem also contained C3 plants, which increased in proportion relative
to C4 plants between ~4.5 and 3 Ma (Strecker and Kleinert
2001). Fossils of Paracacioxylon o’donelli and Mimosoxylon piptadensis (Leguminosae; C3 plants) were identified in the Andalhuala Formation, indicating semi-humid
conditions (Menéndez 1962; Lutz 1987). Fossil vertebrates
include racoons, giant running birds, ground sloths, and
a variety of ungulates (Marshall and Patterson 1981).
These faunal assemblages characterize a subtropical tree
savanna, more humid than today and with a pronounced
precipitation seasonality, similar to the present Chaco
region in the undeformed foreland farther east (Pascual
et al. 1985; Pascual and Ortiz Jaureguizar 1990; Pascual
et al. 1996; Nasif et al. 1997). However, after 2.5 ± 0.6 Ma
conditions became drastically different after the Santa
María Group was folded and overthrust by basement rocks
of the Aconquija and Calchaquí Ranges (Strecker et al.
1989). From this time onward aridity has been sustained
in the valley and is reflected by thick CaCO3-bearing paleosol horizons that cement conglomeratic gravels of flu-

vial terraces and pediments (Villanueva García and Strecker 1986; Strecker et al. 1989; Kleinert and Strecker 2001).
North of 26° S in the Calchaquí Valley (Fig. 12.3), Anzótegui (1998) and Starck and Anzótegui (2001) describe
an arid paleoenvironment at approximately 13.4 ± 0.4 Ma
(Grier et al. 1991), which heralds the deposition of the
coarse sandstones of the Angastaco Formation in this intramontane basin near the village of Angastaco. These
conditions were followed by the deposition of sandstones
and siltstones rich in organic material during more humid conditions that were dominated by fluvial and lacustrine sedimentary environments recorded in the Palo Pintado formation by about 5.4 Ma (Starck and Anzóteguí
2001; Coutand et al. 2006). The Palo Pintado and the lower
section of the superceding San Felipe Formation contain
a rich mammal fauna, pollen, leaves and tree-trunk remnants that all indicate a hot, semi-humid climate comparable to that found in the present Chaco lowlands (Anzótegui 1998; Starck and Anzótegui 2001). With the formation of thick calcretes in the upper part of the San Felipe
Formation, however, humid conditions reverted back to
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aridity between about 3.4 and 2.4 Ma, identical to the situation reflected in the Santa María record.
Pronounced changes in available moisture are documented by fossil leaf assemblages from the semi-arid
Quebrada del Toro, an intramontane arid valley immediately to the east of the Puna at about 24°30' S (Fig. 12.3).
Plant fossils including Typha sp. (Thyphaceae), Equisetum sp. (Equisetaceae), and Thelypteris sp. (Thelypteridaceae) are embedded in lacustrine silt and claystones and
crop out in the southernmost part of this basin. Based on
lateral correlations within the basin, these deposits are
< 8 Ma and > 4.6 Ma (Marrett and Strecker 2000; Hilley and
Strecker 2005) and document an evaporite-free lacustrine
environment. Living related plants presently occur east of
the basin-bounding ranges and are part of the Subandean
phytogeographic province, which receives between 700 and
1000 mm yr–1 precipitation (Bianchi and Yañez 1992), hence
a region with abundant water availability and acid pH conditions (Cabrera 1994). In particular, Thelypteris is a plant
that cannot support any salinity and documents a humid
environment with abundant freshwater. The interpretation
of a freshwater environment is also supported by very low
boron concentrations of 20ppm in these sediments. Further
paleo-environmental information comes from Toxodontidae (Notoungulata) remains in the vicinity of these outcrops (Sirolli 1968) and support the interpretation of a paludal environment, as these mammals lived in swamp environments with access to abundant grass (e.g., Bond et al. 1995).
Farther east, the now semi-arid intramontane Quebrada de Humahuaca at approximately 23°30' S and 65°20' W
long (Fig. 12.3) yields a rich record of herbivore fossils, including glyptodonts, sloths, armadillos, rodents, horses, giant lamas, peccaries, and deer (Reguero et al. 2003). This
suggests humid conditions, probably with some wet-dry seasonality permitting an open forest environment. The presence of Hydrochoeropsis dasseni, a capybara-like rodent indicates the presence of permanent water bodies (Reguero
et al. 2003). All fossils occur in the Uquía Formation,
> 2.78-Myr-old (Marshall et al. 1982), which conformably
overlies gypsum-bearing mud and sandstones of the
Maimará Formation, which is older than 3.5 Ma (Walther
et al. 1998). The latter unit is a foreland basin deposit and
contains clasts of the eastern Puna margin. Both units are
folded and faulted and are unconformably overlain by an
early Pleistocene massive, calcrete-bearing conglomerate fill
unit that once covered the paleo-topography of this basin.
Finally, Uba et al. (2005) report on paleoclimate indicators in sediments in the Subandean foreland fold and
thrust belt of southern Bolivia. According to their investigations, aridity characterized this environment until
about 10 Ma, which was followed by semi-arid conditions
between 10 and 7 Ma, and finally humid conditions accompanied by the formation of coal after 4 Ma.
Although limited in spatial and temporal resolution,
the different data sets from the western flanks and the

interior of the southern central Andes show evidence for
protracted Tertiary arid to semi-humid conditions followed by the Miocene initiation of hyper-arid conditions
that are observed at present. In contrast, data from the
late Miocene to early Pliocene intramontane valleys that
straddle the Puna margin document early arid/semi-arid
conditions that subsequently changed into more humid
environments, and ultimately back to aridity after 4 Ma.
This is in contrast with the global trend toward increased
aridity at that time (e.g., Cerling et al. 1993). The changeover from arid to humid conditions along the eastern
margin of the Puna, as well as sustained aridity within
and in regions west of the plateau therefore points a tectonic origin. This change appears to have been associated with the establishment of effective orographic barriers that blocked moisture-bearing winds, which were
forced to precipitate on the windward side of the developing central Andean Plateau and its flanking ranges.
Taking studies on the effects of orographic barriers on
amount and distribution of precipitation from other regions into account (e.g., Stern and Blisniuk 2002; Blisniuk
et al. 2005; Bookhagen et al. 2005; Blisniuk and Stern
2006), then the elevation of the present plateau region and
its eastern border may have been between 2000 and
2500 m in late Miocene to early Pliocene time. This is in
agreement with studies from the southern rim of the Puna
Plateau at about 27° S, immediately north of the Fiambala
Basin (Fig. 12.3) suggesting a minimum paleorelief of
~1 800 m between the present plateau border and that
basin by late Miocene time (Carrapa et al. 2006). This
assessment is also compatible with paleo-elevation estimates farther north based on leaf morphology by Gregory-Wodzicki (2000), who suggested that the Bolivian
Altiplano had possibly reached about half of its present
elevation by 10 Ma. New paleo-altimetry studies by
Garzione et al. (2006) using oxygen isotopes in paleosol
carbonates in the Altiplano also indicate that the present
elevation of the northern plateau region may had come
into existence between 9 and 6 Ma.

12.5 Evidence for Tectonically-Induced Climatic
Gradients: the Role of Orographic Barriers
To determine the timing of orographic barrier construction, it is important to document both the onset and the
cause of aridity. The former is best determined from sedimentology, paleontology, and stable isotope studies. The
latter may be due to regional climatic shifts or the construction of significant topography. Paleoaltimetry data
is notoriously imprecise and scarce in the Andes (e.g.,
Blisniuk et al. 2005; Blisniuk and Stern 2006). However,
under favorable circumstances, thermochronology data
from range uplifts and studies of the adjacent basins can
be combined to provide an estimate of the paleotopo-
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graphic development of orographic barriers. In the following sections, the relations between the generation of
orographic barriers and climate will be discussed in different regions of NW Argentina, including the Puna Plateau and its eastern margin, the Eastern Cordillera, including basins in the transition between the Eastern Cordillera and the Puna, and the northernmost Sierras
Pampeanas basement uplifts.
Apart from the volcanic arc the western flank of the
Puna also includes the Chilean Cordillera Domeyko (Chilean Precordillera), which extends 20 to 26° S with peak
elevations between 3500 and 5 000 m (Fig. 12.3). Apatite
fission-track data demonstrate that this range experienced
a strong pulse of exhumation during the Eocene when
several kilometers of rock were eroded at rates of 0.1 to
0.2 mm yr–1 and since ca. 30 Ma, the exhumation rate has
decreased to ca. 0.05 mm yr–1 (Maksaev and Zentilli 1999).
Based on structural and thermochronologic data, Maksaev and Zentilli (1999) concluded that much of the present relief formed during the Eocene and has been preserved due to the extremely arid climate. New (U-Th)-He
ages (Juéz-Larré et al. 2004) and cosmogenic nuclide dating (Dunai et al. 2005) from the western flank of the northern Andes of Chile also indicate minimal erosional modification of the landscape and sustained aridity since OligoMiocene time. Similarly, Coutand et al. (2001, 2006) report the onset of exhumation along the southeastern
margin of the Puna in the Oligocene. Carrapa et al. (2005)
document apatite fission track cooling ages for the Sierra
de Calalaste Range (southern Puna Plateau) inferring
range exhumation in the Oligocene followed by slow erosion within the present plateau region. In the Eastern
Cordillera between 23 and 25.5° S, apatite fission-track
data from a series of vertical profiles in basement rocks
document moderately rapid exhumation between ca. 25
and 15 Ma (Deeken et al. 2004). The internally drained
Salar de Pastos Grandes and Salar de Hombre Muerto
Basins are on the lee side of these ranges and became
aridified during this time (Alonso et al. 1991; Vandervoort
et al. 1995). Analysis of additional fission track samples
from the interior of the Puna Plateau, east of the Salar de
Arizaro at about 25° S, yields Jurassic ages, also documenting minimal Cenozoic exhumation in this region (Deeken
et al. 2004; Deeken et al. in press). The coincidence between low exhumation rates on the plateau, the onset of
topographic construction, and the creation of internal
drainage and deposition of evaporites suggests an efficient orographic barrier for moisture incursions within a
region already dominated by aridity.
The northwestern Sierras Pampeanas show strong relations between evolving orographic barriers and exhumation patterns that constrain the timing of range uplift.
Sierra Aconquija forms the windward (eastern) flank of
the semiarid Santa María Basin (Fig. 12.3), which became
aridified between 4 and 3 Ma (Kleinert and Strecker 2001).

This range towers more than 5000 m above the virtually
undeformed foreland without other upwind topographic
barriers. Apatite fission-track data demonstrates that
rapid exhumation of the western flank of Sierra Aconquija
commenced at ca. 6 Ma with ca. 1 mm yr–1; the rate slowed
significantly at about 3 Ma (Sobel and Strecker 2003). In
the last 3 Ma, surface uplift rates have increased from
0.1–0.5 mm yr–1 to ca. 1.1 mm yr–1 while exhumation on
the now arid western flank of the range has decreased.
Today, there is a marked decrease in precipitation at elevations in excess of 2000–2500 m on the windward flank of
the range. By extension, at about 3 Ma, the crest of the range
must have exceeded this elevation. In this example, rapid
exhumation preceded rapid surface uplift by one to three
million years, because thick Miocene sediments that formerly covered the present range could be easily eroded.
At present, the range exposes metamorphic rocks; the combination of leeward aridity and such resistant lithologies
are thus jointly responsible for the low exhumation rate.
In contrast, the Cumbres Calchaquíes Range immediately north of Sierra Aconquija (Fig. 12.3) reveals a different history, which also appears to be profoundly influenced by climate. The sedimentary fill of the adjoining
Santa María Basin and its deformation history suggest
that these two ranges were exhumed at the same time and
were previously covered by comparable thicknesses of
Miocene sediments (Sobel and Strecker 2003). However,
the Cumbres Calchaquíes Range preserves remnants of a
regional Cretaceous erosion surface along its crest. This
is in marked contrast to Sierra Aconquija, which has had
up to 4300 m of basement rocks removed from above the
highest peaks. The mean exhumation rate over the last
6 Ma for the Cumbres Calchaquíes was between 0.4 and
0.5 mm yr–1. The maximum amount of precipitation along
the windward side of the ranges varies dramatically. In
contrast to Sierra Aconquija, the precipitation maximum
at Cumbres Calchaquíes is reduced by 50% (Bianchi and
Yañez 1992) and located on the crest of lower ranges to
the east of the main range. The implication is that the
differences in exhumation at these localities are due primarily to the varying amounts of precipitation which are
available to drive erosion. These examples suggest that a
positive feedback may be initiated in which uplifting areas with little incoming precipitation may be only slowly
exhumed, allowing topography to be rapidly constructed
and high elevations, which preserve old geomorphic surfaces, to be maintained. This topography may either become high or create a wide mountain range to accommodate the deformation. In either of these cases, the orographic precipitation gradients become steep, further
starving the dry leeward areas of moisture. In contrast,
the relations investigated in the northern Sierras Pampeanas underscore that when ample moisture is available,
precipitation will be focused, exhumation will be rapid,
and deformation may not migrate farther into the foreland.
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12.6 Processes of Relief Reduction, the Role of
Internal Drainage, and Generation of
Plateau Morphology in the Puna Plateau
In contrast to the aridity of the plateau interior the plateau margins block moisture-bearing winds that create
an effective erosional regime at the flanks. The low relief
typical of the plateau regions may reflect isolation of the
local base-level of plateau basins from the low-elevation
foreland. During this process, basin aggradation replaces
incision and transport, while erosion of the surrounding
peaks reduces the internal relief of the region (e.g., Sobel
et al. 2003).
Uplift of basement ranges in the low-elevation Andean
foreland may cause steepening of channels that must incise through them to allow interior basins to continue to
drain to the foreland. As steepening proceeds and topography is built, however, orographic precipitation gradients reduce moisture on the leeward interior basins. Consequently, as discharge is also reduced, this must result in
further steepening of the channels and aggradation within
the interior basins. In the course of this process, aggradation within the interior basins may be eventually outpaced
by channel steepening, isolating them from the foreland.
Simultaneously, the interior basins aggrade as long as
there is sufficient sediment production to fill them, reducing the relief between the basin floor and surrounding peaks (e.g., Sobel and Strecker 2003; Sobel et al. 2003;
Hilley and Strecker 2005).
Paleocurrent indicators, sediment provenance, and
apatite fission track thermochronology indicate that flow
within a once contiguous foreland basin (e.g., Jordan and
Alonso 1987) in the vicinity of the present Antofalla Basin of the southern Puna was disrupted by uplift of this
range to the east of this basin between 29 and 24 Ma (Carrapa et al. 2005). Late Oligocene sediments in this area
indicate that an arid environment existed prior to and
during the uplift of the Sierra de Calalaste (Adelmann
2001), and internal drainage was established in the Antofalla Basin possibly as early as late Oligocene to early- to
mid-Miocene time (Kraemer et al. 1999; Adelmann 2001).
Fission-track ages and abundant volcanic lithologies
from areas within and along the margin of the Puna provide a provenance signal that can be used to discern sediment source areas over time. The Angastaco Basin lies
southeast of the Puna margin within the transition between the northern Sierras Pampeanas, the Santa Barbara
System and the Cordillera Oriental at 25°30' S (Fig. 12.3),
and preserves a sedimentary sequence in excess of 6 km
thickness and spanning the interval from 13.4 to 2.4 Ma
(Grier et al. 1991; Strecker, unpub. data 2005). The majority of the section records deposition from westerly sources
(Díaz et al. 1987; Starck and Anzótegui 2001; Coutand et al.

2006). Detrital apatite fission-track analysis and sedimentary petrography from throughout this section demonstrate that material from the interior of the Puna was apparently not deposited in this locality (Coutand et al.
2006). Much of the sediment deposited in the basin was
sourced from the intervening ranges in the Eastern Cordillera and the northwestern Sierra de Quilmes (Fig. 12.3).
Exhumation of these source areas commenced ca. 6 Ma
prior to deposition of the base of the stratigraphic sequence (Deeken et al. 2004). Therefore, by at least 14 Ma,
the Eastern Cordillera and its continuation at the Puna
margin farther south (Strecker 1987; Coutand et al. 2001)
had likely disrupted the fluvial system that may have once
drained the Puna.
The transition from external to internal drainage within
other basins of the Puna (e.g., Alonso 1986; Strecker 1987;
Coira et al. 1993; Marrett 1990; Vandervoort 1993) appears
to be a unifying feature of this region. For example, at about
22° S, the Salinas Grandes and Tres Cruces Basins contain
evidence of deformation beginning in the late Eocene to
early Oligocene (Coutand et al. 2001). At 24° S, internal
drainage at Siete Curvas (SC in Fig. 12.3) may have formed
as early as the late Oligocene and certainly by late Miocene time (Vandervoort et al. 1995), while to the west
internal drainage within the Arizaro and Tolar Grande
Basins commenced no later than early Miocene (Donato
1987; Coutand et al. 2001), and early- to mid-Miocene time
(Vandervoort et al. 1995), respectively. Within the Salar
de Pastos Grandes to the west of Siete Curvas, thick evaporites show that internal drainage had formed sometime
between 11.2 Ma and perhaps as early as the late Eocene
to early Oligocene (Alonso 1992). Within the Salar de
Hombre Muerto area at 25° S, evaporite deposition and
internal drainage was established by 15 ± 1.2 Ma, and perhaps as early as the Oligocene (Alonso et al. 1991; Vandervoort et al. 1995). In the same region the termination of
supergene copper mineralization at 14.7 Ma provides a
minimum age for the time when hyper-aridity was established (Alpers and Brimhall 1988). Finally, in the Sierra
Chango Real along the present Puna margin at about 27° S
(Fig. 12.3), apatite fission track data indicates that deformation and exhumation had begun between 29–38 Ma
(Coutand et al. 2001). It is thus conceivable that the southern Puna Basins became already isolated at that time.
Deformation and the establishment of internal drainage within the Puna were linked, but diachronous and
widespread in the present plateau region (e.g., Vandervoort et al. 1995; Coutand et al. 2001; Carrapa et al. 2005;
Carrapa et al. 2006). The timing of the onset of internal
drainage may be dependent on the details of the uplift of
discrete mountain ranges as well as the construction of
lateral barriers between north-south oriented basin margins by volcanic activity (e.g., Alonso et al. 1984) or faulting (e.g., Segerstrom and Turner 1972; Alonso 1992).
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Taken together, the evolution of the present plateau area
thus appears to have taken place in consecutive steps. First,
widely distributed deformation and range uplift caused
the breaking of former foreland regions east of the volcanic arc during the Oligocene, which was coupled with an
intensification of arid conditions due to the evolving orographic barriers. Tectonism and arid climate conditions
thus conspired in the defeat of the fluvial system and
caused large amounts of material to be deposited in the
adjacent closed depressions. These basin fills reach several kilometers of thickness (e.g., Jordan and Alonso 1987;
Coutand et al. 2001). In some cases (e.g., the Salinas
Grandes Basin and basins to the west), basins apparently
filled past their spill-points into adjacent basins, causing
the formerly isolated closed depressions to coalesce into
a broad aggradational plain.
The combined observations concerning aridity from
within the present plateau and the onset of the highly
asymmetric climatic conditions along the plateau margins, indicate uplift of the plateau region in late Miocene
to early Pliocene time. This second step in plateau evolution may have been coupled with mantle delamination,
which caused wholesale surface uplift of the region that
already had previously experienced distributed shortening and foreland compartmentalization into compressional, internally drained basins and ranges (e.g., Kay and
Kay 1993; Kay et al. 1994; Allmendinger et al. 1997;
Garzione et al. 2006).

12.7 Transient Relief Reduction in the Eastern
Cordillera: Oscillatory Filling and Excavation of
Marginal Basins, and the Voracity of Erosion
Structurally, the basins along the eastern margin of the
Puna Plateau are virtually indistinguishable from those
within the plateau. During their evolution these basins
have alternated between internal drainage conditions
similar to those of the plateau region and open drainage
with a connection to the foreland plateau. Thus, their spatial location and the processes that control their aggradation and incision are transitional between these two environments. The intramontane basins east of the Puna
currently drain into the foreland; however, many of these
basins contain multiple thick conglomeratic fill units that
likely formed in restricted drainage or closed basin setting (Hilley and Strecker 2005). Because thick sedimentary units that contain intercalated ash deposits are partially preserved in these basins, the timing and processes
of basin infilling that are likely responsible for the characteristic topography of the Puna Plateau can be assessed
here. The frequent occurrence and similarity of such basins along the plateau margin suggests that a common set
of processes is responsible for their existence. In general,

due to the easterly moisture sources, the establishment of
orographic barriers by surface uplift concentrates erosion
along the windward eastern range fronts, whereas the leeward basins become increasingly arid. Basin outlets in
these environments always coincide with structurally
complex parts of the orogen where along-strike changes
in displacement allow the fluvial system to either remain
or be easily reconnected to the foreland. Another characteristic of these sectors of the orogen is that they coincide
with high precipitation gradients that may aid in ultimately regaining and maintaining external drainage conditions. However, changes in climate, tectonic rates or the
unroofing of resistant units may have led repeatedly to
reduced evacuation of sediment, increased sediment storage, and potentially to basin isolation.
A type example for such a setting is the small Toro
Basin at about 24° S (Fig. 12.3). The regional tectonic and
stratigraphic relationships in the Toro Basin area record
the transition from a foreland basin to an intramontane
basin setting. Today, the basin lies in an arid environment
and is bounded on the west and east by high basement
ranges, between 3 and 5 km high. The Toro Basin is
drained by the Río Toro, which traverses the Sierra Pasha
to the east through a constricted bedrock gorge. However, before about 6 Ma this region was an integral part of
a foreland basin, with sediments sourced at the Puna
margin transported eastward. Between 6 and 0.98 Ma
exposed conglomerates in the Toro Basin record a changeover from a foreland to an intramontane, probably closedbasin setting (Marrett and Strecker 2000; Hilley and
Strecker 2005). This basin-filling episode was in turn superseded by deformation, basin excavation, and removal
of conglomerates sometime after 0.98 Ma, which produced
a pronounced unconformity. The unconformity is overlain by an undeformed conglomeratic basin-fill unit, at
least 600 m thick. Conglomeratic gravel from this filling
episode 600 m above the present trunk stream records
the top of this aggradational surface, and its geometry
suggests that the basin became internally-drained again
as it filled with sediments. This last fill episode may have
occurred as the result of an increase in uplift rate within
the southern Sierra Pasha that led to steepening and tectonic defeat of the Río Toro, a trend toward aridity in the
basin region, the exposure of Precambrian rocks resistant to fluvial incision in the Río Toro gorge, an increase
in the production of coarse sediment associated with a
more erosive climate, or some combination of these factors. In any case, the landscape that was likely present
during the time that the Toro Basin was internally-drained
consisted of a broad, aggradational, low-relief surface surrounded by mountain peaks, identical to the landscape
of the Puna Plateau today. However, rather than remaining internally-drained, the basin was subsequently recaptured, leading to the partial excavation of the conglomer-
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atic basin fill units and a re-establishment of forelandbasin connectivity.
Similar observations of basin filling and re-excavation
can be made in the Santa María Valley farther south. For
example, following uplift of the Aconquija and Calchaquí
Ranges and the Puna margin the Andean foreland was
further segmented by the uplift of the southern part of
Sierra de Quilmes after 5.4 Ma (Strecker et al. 1989), which
created the intramontane Santa Maria and Cajón Basins
and caused widespread deformation and erosion of the
late Tertiary sedimentary sequences. This was followed
by a phase of erosion and subsequent conglomerate deposition after 2.9 Ma that covered the erosional paleo-topography and probably created transient internal drainage conditions. The deposition of conglomerates, several
hundred meters thick, was followed by episodic incision
and formation of terraced pediments and fluvial terraces
that record the stepwise drainage reintegration (Strecker
et al. 1989).
Other impressive examples for this type of basin evolution along the eastern Puna can also be found in the
Quebrada de Humahuaca, Calchaquí, Cajón, Hualfín, and
Fíambalá Basins. All of them record multiple filling and
isolation events that were followed by sediment evacuation. After the intramontane basin stage had been attained, such filling events occurred after 2.7 in the Humahuaca Basin, after 3.6 Ma in the Fiambalá, and after 2.4 Ma
in the Calchaquí Basins (Strecker, unpubl. data). The evolution of these basins is thus highly diachronous, but tectonism and similar processes of erosion and sedimentation have led to indistinguishable tectonic deformation
features and facies associations, respectively. These observations emphasize the complex interplay between tectonism, sedimentation, and subsequent efficient headward
erosion processes at the periphery of a tectonically active
orogen, located in proximity to pronounced climatic gradients.

12.8 Possible Feedbacks between Erosion
and Tectonics in the Central Andes
When viewed at a regional scale, the southern central
Andes comprise three principal morphotectonic settings,
in which coupling between erosion and deformation may
be important, but profoundly different between each individual province. The major morphotectonic divisions
in this respect are based on mechanical and erosional differences throughout this region. First, we consider the
internally-drained Puna-Altiplano and its adjacent externally drained basins to be governed by a distinctive set of
erosional and mechanical conditions. Second, the externally-draining Precordillera fold-and-thrust belt of central Argentina (Fig. 12.1) is located where thick basin sediments with mechanically weak layers may allow low-angle

decollements to develop (e.g., Ramos et al. 2002). Thirdly,
the basement-cored uplift province of the Sierras Pampeanas has internally and externally drained sectors, but
horizontal, mechanically weak layers are absent. In this
setting deformation is primarily accommodated by highangle structures generated during previous episodes of
faulting, involving suturing of terranes to the South
American craton (e.g., Allmendinger et al. 1983; Jordan
and Allmendinger 1986; Ramos et al. 2002).
First, Sobel et al. (2003) and Hilley and Strecker (2005)
investigated the conditions that promote basin isolation
from the foreland base-level and the resulting mechanical implications. Based on bedrock incision, erosion and
fluvial aggradation laws, they determined the controlling
factors and conditions that lead to the disconnection of
the downstream fluvial system from the upstream intramontane basin. In their formulation, the establishment
of internal drainage is a threshold process in which internal drainage ensues if uplift rates are high, rocks are resistant to fluvial incision, and/or precipitation is low. In
case of the Puna-Altiplano Plateau, changes in precipitation that result from the construction of topography may
starve moisture from the headwaters of the trunk stream,
favoring internal drainage and storage of material. Consequently, the trapped mass will increase the lithostatic
load, which may cause regional faults to become unfavorable to accommodate further deformation (e.g., Royden
1996; Willett 1999). Thus, contractional deformation may
be forced to migrate toward lower elevations in the
foreland. Therefore, if the threshold of internal drainage
is crossed, as basins fill and coalesce in the internal portions of the orogen, deformation may eventually cease
there. Likewise, if recapture of these areas should occur
and material were rapidly evacuated from them, deformation is expected to migrate back into the interior of
the orogen as sediment load decreases.
Evidence for this process exists within the Puna Plateau and along its margins. In Oligocene through Miocene
time, shortening was taken up within the present plateau
and along its future margins. As average elevations increased due to shortening (e.g., Allmendinger et al. 1997),
the establishment of internal drainage and coeval basin
filling (Sobel et al. 2003), and perhaps thermal buoyancy
effects associated with the delamination of the mantle
lithosphere in the area (Kay et al. 1994), the lithostatic
stresses exerted by these highlands may have favored a
migration of deformation along its margins, at the expense
of shortening in the plateau area. During the Pliocene and
Quaternary shortening was negligible in this environment.
In fact, during the ultimate 2 Ma strike-slip and normal
faulting have prevailed in the Puna region, whereas only
limited evidence for shortening can be found during that
time (Strecker 1987; Allmendinger et al. 1986; Marrett
et al. 1994; Cladhous et al. 1994; Schoenbohm and Strecker
2005). In contrast, since early Pliocene time all active
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shortening in the orogen has been focused along the plateau margin and the foreland. Therefore, it is plausible
that the combination of tectonic, thermal, and geomorphic processes created and maintained the high topography of the Puna, but at the same time the creation of high
topography may also moderate deformation in the area.
Further support for this assessment may be observed
in the intramontane basins along the eastern Puna margin. Here, the timing of motion along faults within the
basin appears to correspond to periods when basin fill
had been largely removed. For example, the reactivation
of basin-bounding faults temporally coincides with the
excavation of basin fill in the Toro, Humahuaca, Santa
María and Cajón Basins (Strecker et al. 1989; Hilley and
Strecker 2005). Therefore, there may exist a causative relationship between phases of basin filling, variations in
lithostatic loading, and activity along the basin-bounding structures, which is ultimately controlled by the overall climatic conditions.
The second type of coupling between erosion and tectonism can be observed in the Cordillera fold-and-thrust
belt at about 30° S. Here, basin sediments with many detachment levels in the mechanical stratigraphy allow
shortening to be accommodated along low-angle structures (Ramos et al. 2002). As foreland material is incorporated into the fold-and-thrust belt, the geometry of and
deformation within the mountain belt must change to
accommodate the volume increase caused by the added
material. As the volume of the orogen increases, it may
widen as the basal detachment deepens and surface slopes
increase. The latter effect may change the lithostatic
stresses within the thrust belt, promoting a change in the
basal detachment geometry (e.g., Davis et al. 1983; Dahlen
1984). While tectonic deformation causes addition, erosion removes a portion or all of this material from the
orogen (e.g., Dahlen and Suppe 1988; Dahlen and Barr
1989). Thus, erosion relative to the rate of tectonic accretion may play an important role in determining the stresses
and deformation in the orogen (e.g., Dahlen and Suppe
1988; Hilley et al. 2004; Hilley and Strecker 2004; Whipple
and Meade 2004).
As lithostatic stresses within the orogen change in the
course of material removal, a response in the geometry of
and deformation within the fold-and-thrust belt may be
necessary. Therefore, unlike the case of the Puna Plateau
in which internal drainage creates a threshold beyond
which erosional mass export is prohibited, when externally-draining fold-and-thrust belts are being eroded,
their deformation and geometry may change continuously
as topography is being built. This creates a direct feedback between tectonic deformation and erosional processes
(e.g., Beaumont et al. 1992; Willett et al. 1993; Willett 1999).
Using a combination of theoretical models and field
data (e.g., Davis et al. 1983; Suppe 1981; Ramos et al. 2002),
Hilley et al. (2004) and Hilley and Strecker (2004) pre-

sented the first-order relationships expected between tectonic accretion and the erosion of a fold-and-thrust belt,
and tested these relationships in the Precordillera of Argentina, and the Himalayan and Taiwanese orogens. They
found that as erosional removal of rock increased relative to tectonic accretion, the fold-and-thrust belts would
be narrower and experience more out-of-sequence deformation (e.g., Dahlen 1984) than would be expected when
erosion were inefficient. These general results quantitatively agree with the erosional rates of removal from and
tectonic rates of addition to the Precordillera thrust belt
in the flat-slab region of the Andes, and the deformation
and geometry observed in that area. In addition, the geometry of the Sierras Subandinas in the Bolivian Andes
qualitatively supports these predictions. For example, the
northern portion of this fold-and-thrust belt is narrow,
out-of-sequence deformation is common, and precipitation and erosional processes are efficient (e.g., Horton
1999). Conversely, the southern sector of this tectonic
province corresponds with reduced precipitation a wider
fold-and-thrust belt, regional erosion surfaces are preserved, and deformation has successively migrated eastward (e.g., Horton 1999). Therefore, as erosion becomes
less efficient in the Subandean belt, systematic changes
in geometry and deformation are observed.
In the third scenario of coupled erosion and deformation processes Hilley et al. (2005) analyzed the Sierras
Pampeanas structural province where the absence of thick
foreland sediments does not allow deformation to be taken
up along low-angle detachment structures. Instead, deformation appears to be focused on reactivated crustal
structures that predate the Cenozoic Andean orogeny. In
the case that these high-angle structures are weak enough
to be mechanically favored for accommodating plate convergence, the failure stresses along structures may greatly
exceed failure stresses within the mountain belt (Dahlen
1984), allowing slip along the fault without internal deformation within the range. This contrasts with fold-andthrust belts, where failure stresses throughout the orogen
may be approximately equivalent (e.g., Davis et al. 1983).
Because these conditions result in a mechanically stable
condition in which basal sliding accommodates horizontal shortening along the weakest structure in the crust, in
the absence of any additional pre-existing structures, deformation is expected to be exclusively taken up along
this structure. However, if other pre-existing structures
exist, the construction of topography above the growing
mountain range may change the loading conditions along
its base, potentially favoring failure of a different pre-existing structure with little or no topography above it. In a
hypothetical landscape with no initial topography in
which deformation commences along the frictionally
weakest structure, movement along this structure changes
the lithostatic loading along the fault plane. If topographic
loading is large, deformation may be either forced to mi-
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grate to a frictionally stronger structure with no topographic
load above it. Therefore, in tectonic environments such as
the Sierras Pampeanas or structurally similar settings such
as the Tien Shan in Central Asia or the Laramide uplifts in
North America, over short timescales deformation may be
localized on the most mechanically favored pre-existing
structure. However, as topography is built, deformation may
be distributed between many similarly stressed pre-existing structures. The unsystematic deformation and uplift
history of the Sierras Pampeanas structural province underscores this assessment (Strecker et al. 1989).
When deformation within orogens is strongly influenced by the presence of pre-existing structures, surface
slopes may steepen without triggering a change in the
orogenic width or basal decollement angle as is the case
for fold-and-thrust belts (Hilley et al. 2004; Hilley and
Strecker 2004; Whipple and Meade 2004). As slopes steepen,
erosional efficiency may increase (e.g., Ahnert 1970;
Howard and Kerby 1983) and hence the proportion of rock
removed from the orogen by erosion increases relative to
that introduced by shortening. In the case that the rate of
material removal from an orogen is balanced by the introduction of rock by deformation (Willett and Brandon
2001), topography may attain an equilibrium in which
slopes and elevations remain constant with time (e.g.,
Hilley and Strecker 2005). If this equilibrium topography
is insufficient to force deformation to move to stronger
structures with no initial topography, erosional removal
of rock from an orogen may allow deformation to remain
concentrated along a single set of weak structures, despite the presence of other similarly weak structures in
the crust. Therefore, while erosion in these tectonic environments may not be directly coupled to deformation as
in fold-and-thrust belts, it ultimately moderates the slopes
that may force deformation to migrate to other structures.
The efficiency of erosion in relation to the tectonic uplift
rate thus controls the threshold that determines if deformation may remain focused on a set of active mountain
fronts or migrates to equally weak structures, similar to
what Sobel and Strecker (2003) predicted for the different evolution of Sierra Aconquija and Cumbres Calchaquíes in the northernmost Sierras Pampeanas.

12.9

Concluding Remarks

The history of the Puna Plateau and its marginal basins
and ranges in the Eastern Cordillera and the northern
Sierras Pampeanas impressively documents the effects of
tectonics and topography on atmospheric circulation pattern, the development of orographic barriers, and their
influence on erosion and landscape evolution at various
timescales. Available sedimentologic, paleontologic and
stable isotope data sets show a major shift from aridity
toward increased humidity along the eastern border of

the Puna Plateau in late Miocene to early Pliocene time
due to the establishment of orographic barriers, high
enough to intercept moisture-bearing winds.
The evolution of this region also emphasizes that there
are several pathways by which tectonic activity in an orogen
may be coupled to the effects of climate and erosion. Our
field studies and theoretical analyses indicate, however that
the nature of this coupling may also vary strongly depending on the pre-orogenic geologic history. This is emphasized by the width of the present Puna Plateau and the adjacent tectonic provinces and their relation to the Cretaceous Salta Rift (e.g., Allmendinger et al. 1983; Grier et al.
1991; Kley and Monaldi 2002; Kley et al. 2005; Mon et al.
2005; Hilley et al. 2004) and those structures within the
present plateau that were generated during a different subduction regime in Oligocene time (e.g., Kay et al. 1999;
Kraemer et al. 1999; Carrapa et al. 2005). The width of these
tectonic provinces in the Central Andes is thus a first-order
result of structural inheritance and tectonic conditions and
may not be primarily a function of the arid climate, as envisioned by Montgomery et al. (2001).
Nevertheless, the fact that the Puna region is located
in an area of pronounced inherent aridity has helped to
create and maintain the second largest orogenic plateau
on Earth (Lamb and Davis 2003; Sobel et al. 2003), but
the climatic conditions along the eastern Puna also prevent further eastward expansion due to cyclic intramontane basin filling, headward erosion, re-exhumation of
basin fills, and renewed tectonic activity of basin bounding reverse faults (Hilley and Strecker 2005).
The broad Oligo-Miocene deformation of the present
plateau region set the stage for the landscape that characterizes this region now. Aridity and tectonism conspired
in isolating the local base levels of basins in the plateau
region from the undeformed foreland, resulting in a reduction of erosional capacity, a redistribution of mass and
filling of basins in the orogen interior. Wholesale plateau
uplift due to mantle delamination as envisioned by Kay
et al. (1994) and Garzione et al. (2006) in combination with
shortening and filling of internally drained basins and
conservation of material within the orogen as suggested
herein are thus expected to have had a profound impact
on the distribution of stresses in the orogen and tectonic
deformation in adjacent regions. Due to an increased
gravitational potential in the interior of the orogen it is
therefore likely that deformation migrated toward
foreland areas, affecting pre-existing weak structures that
gave rise to new range bounding faults. This can be observed in the northern Sierras Pampeanas or in the Santa
Barbara structural province in the transition between the
Sierras Pampeanas and the Eastern Cordillera (Allmendinger et al. 1983; Grier et al. 1991; Sobel and Strecker
2003; Sobel et al. 2003; Hilley et al. 2005), where the late
Miocene to Pliocene onset of range uplifts are in stark
contrast to structurally similar ranges within the plateau.
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If the majority of future faults has similar strikes to those
observed in the compartmentalized foreland now and if
the associated ranges are capable to intercept eastwardly
derived moisture, the aridification of the NW Argentine
Andes will successively migrate eastward and the plateau
region with its internally drained basins may prevail as a
morpho-structural entity, and even expand eastward over
time. The inability of effectively removing mass from the
interior of the orogen over long timescales leaves the
southern Central Andes in a situation, in which it will be
difficult to reach erosional steady-state conditions.
In conclusion, climate conditions have been profoundly
influenced by the tectonic evolution of the NW Argentine
Andes, which is expressed by the pronounced climate gradients and the different surface processes and rates on the
windward flanks versus the arid interior of the orogen.
However, there is also a complex influence of climate and
related surface processes on tectonic style and tectonic activity in this orogen. Prevailing aridity in the core zone of
the southern central Andes (e.g. Hartley and Chong 2002;
Hartley 2003) has helped to create and maintain the Puna
Plateau morphotectonic province, which resulted in low
exhumation of basement uplifts, and caused the low erosional capacity of fluvial systems that eventually became
isolated from the low-elevation foreland, while deformation stepped eastward.
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