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Abstract This study contributes to the uplift history of the Andes, which has received increasing attention
in recent years because of its implications for geodynamic models and climate feedbacks. Shortening
resulting in crustal thickening and removal of gravitationally unstable mantle lithosphere has been proposed
to control deformation and uplift of Cordillera-type orogenic systems such as the Puna Plateau of the central
Andes and its eastern margin, the Eastern Cordillera. We present new clumped isotope (Δ47), δ

18O, and δ2Η
data from carbonate nodules, marlstone, spring deposits, and volcanic ashes from the Puna Plateau and
Eastern Cordillera of NW Argentina. When combined with other geological evidence, our data indicate
that the Puna Plateau was near its present elevation since at least ~10Ma, whereas the Eastern Cordillera rose
~1.5 km between ~14 and ~7 Ma. This history of uplift correlates with active shortening in the Eastern
Cordillera and with incorporation of a regional foreland into the propagating orogenic wedge. Our study
suggests that the elevation of the Puna Plateau changed little during the Miocene-Pliocene, whereas the
margin experienced significant uplift associated with active deformation and crustal thickening.

1. Introduction

The Andes is a Cordillera-type orogenic system in which subduction of the oceanic Nazca plate under the
continental South American plate has controlled a variety of processes such as magmatism, lithospheric
removal, subduction, erosion and accretion, and shortening and crustal thickening [e.g., Kley and Monaldi,
1998; Haschke et al., 2002; Melnick and Echtler, 2006]. The uplift history of the Central Andean Plateau, which
includes the Altiplano Plateau of Bolivia and the Puna Plateau in northwest Argentina, has been linked both
to crustal thickening [Allmendinger et al., 1997] and more recently to isostatic rebound following lithospheric
removal [Molnar and Garzione, 2007; Garzione et al., 2006, 2008; Leier et al., 2013]. A cyclical relationship
between lithosphere removal, magmatism, deformation, and surface uplift has been proposed to govern
Cordillera-type orogenic systems [DeCelles et al., 2009]. According to this model, melt-fertile lower crust and
upper mantle is underthrust beneath the arc, initiating melting and fractionation, which forms a dense
(eclogitic) root. The excess of dense material beneath the arc decreases the rate of underthrusting, produces
a regional isostatic depression of surface elevation within the plateau interior, and causes internal
deformation and duplexing in the forearc region and in the retroarc wedge. When the arc root reaches critical
mass, it is removed via a series of convective instabilities. Following root removal, regional uplift initiates
outward propagation of the flanking orogenic wedges, upper crustal extension, and igneous flare-up. The
cycle then begins again, with renewed underthrusting. In this model, shortening and crustal thickening
are the key preconditions to initiate lithospheric instabilities and removal. The model thus makes useful
predictions about what is required for lithospheric removal to happen; however, the expected magnitude of
elevation changes during shortening and crustal thickening and following root removal remain largely
unconstrained due to the uncertainties related to shortening estimates and volume of lithosphere removed.

Paleoaltimetry reconstructions suggest different uplift histories for different portions of the Central Andean
Plateau, which includes the Altiplano of Bolivia and the Puna Plateau of Argentina, and for the Eastern
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Cordillera (Figure 1). Studies of the Altiplano have suggested significant Miocene uplift [e.g., Gregory-
Wodzicki, 2000; Ghosh et al., 2006a, 2006b; Garzione et al., 2006, 2008; Hoke and Garzione, 2008; Jordan et al.,
2010]. In particular >2 km of uplift in the late Miocene in the Altiplano has been associated with wholesale
delamination of mantle lithosphere beneath the plateau [Molnar and Garzione, 2007]. However, the timing
and magnitude of uplift remain controversial [Sempere et al., 2006; Eiler et al., 2006; Ehlers and Poulsen, 2009;
Poulsen et al., 2010; Insel et al., 2012]. Garzione et al. [2014] suggest that uplift of the Altiplano was
asynchronous, with uplift of the southern portion of the Altiplano preceding uplift of the north central
Altiplano by 7± 3 Ma. Another recent study suggests an older (25–15 Ma) episode of surface uplift of the
Eastern Cordillera of Bolivia [Leier et al., 2013], which the authors associate with lithospheric removal rather
than with crustal shortening. Studies from the Puna Plateau to the south instead indicate a different history of
protracted high elevation since the late Eocene [Canavan, 2010; Canavan et al., 2014]. Therefore, no
consensus exists on the uplift history of the Central Andean Plateau and of its eastern margin and on the
underlying mechanism for the development and support of high topography. In particular, it is unclear if
uplift is mainly the result of isostatic adjustments related to crustal thickening or removal of a dense layer of
the lithosphere. Whereas several paleoaltimetry studies have been conducted on the Altiplano and Eastern
Cordillera of Bolivia, only a few recent studies are available for the Puna Plateau of NW Argentina [Canavan
et al., 2014], no paleoaltimetry data exist for the Eastern Cordillera of NW Argentina, and no systematic study
using multiproxy isotopic analysis is available for this part of the Andes.

This study presents the first carbonate Δ47 data for the Eastern Cordillera and Puna Plateau of NW
Argentina (Figure 1). This, together with new δ2H values of volcanic ashes and δ18O values of carbonates,
records the isotopic composition of meteoric water and local environmental temperatures, thus

Figure 1. (a) Tectonomorphic map of the Central Andes, modified after Carrapa et al. [2011]; (b) digital elevation model of the study area with location of the analyzed
samples; (c) swath profile across the Puna Plateau, Eastern Cordillera, and modern foreland of NW Argentina along A-A′ in Figure 1a; (d) B-B′ profile in Figure 1b.
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constraining the paleoenvironmental and paleoelevation history of the region and testing current
geodynamic models.

The wealth of data available for the Puna Plateau and for the Eastern Cordillera of NW Argentina makes it
an ideal location to test the link between processes such as deformation, lithospheric removal, and
surface uplift. We here concentrate on the Miocene to modern record because of the abundance of ashes
and pedogenic carbonate nodules available for this time frame. We note that no ashes older than 14 Ma
have been reported in the Eastern Cordillera of NW Argentina. For a discussion of the early Cenozoic uplift
history of the Puna Plateau we refer to Canavan et al. [2014]. We hypothesize that deformation and uplift
of the Eastern Cordillera of NW Argentina are controlled by shortening and crustal thickening. Our data,
when combined with existing geological evidence, indicate that the elevation of the Puna Plateau
changed little over the last 10 Ma, whereas the Eastern Cordillera experienced significant uplift (~1.5 km)
between ~14 and 7 Ma, concomitant with wedge-top deposition. Our study argues for a coupling
between shortening, crustal thickening, and uplift, whereas no direct link with lithospheric removal
is observed.

2. Geological Background

What is now the Puna Plateau of NW Argentina was the site in the early Cenozoic of a regional retroarc
foreland basin system [DeCelles et al., 2011]. The orogenic front was at the location of the eastern Puna
Plateau (Salar de Pastos Grande) by ~38 Ma [Carrapa and DeCelles, 2008] and was in the Eastern Cordillera by
~21 Ma [Coutand et al., 2001, 2006; Carrapa et al., 2011, 2012] (Figure 1). In particular the Angastaco basin,
within the Eastern Cordillera and flanking the eastern margin of the Puna Plateau, was the site of a proximal
foredeep between ~38 and 21 Ma—suggesting that the basin was at an elevation near or lower than ~400 m
at this time (based on themodern Andean foreland basin elevation near the study area; Figure 1c). By ~14Ma,
the Angastaco basin was on top of the orogenic wedge and deforming internally [Carrapa et al., 2012], as
indicated by wedge-top deposits and the presence of an intraformational unconformity in ~14Ma sedimentary
strata [Carrapa et al., 2011]. Deformation continued in the area until at least ~9 Ma, as indicated by growth
structures in 11–9 Ma sedimentary rocks in the Quebrada del Toro (Figure 1) [DeCelles et al., 2011], and
propagated out of the Eastern Cordillera of NW Argentina after ~4 Ma [Bywater-Reyes et al., 2010; Carrapa
et al., 2011]. Shortening estimates for the Eastern Cordillera are in the range of ~14–26% and suggests that
most of the shortening occurred in the Miocene [Grier et al., 1991; Cristallini et al., 1997, 2004; Kley and Monaldi,
1998; Mon and Salfity, 1995].

Whereas much is known about the history of deformation, exhumation, and sedimentary basin evolution in
the region [e.g., Starck and Anzotegui, 2001; Coutand et al., 2001, 2006; Deeken et al., 2006; DeCelles et al., 2011;
Carrapa et al., 2012], limited data exist on its elevation history. Recent paleoelevation estimates indicate
that the Puna Plateau was near its modern elevation as early as ~36 Ma [Canavan et al., 2014]. This, together
with other evidence indicating that the deformation front was located to the east of the modern Puna
Plateau by ~38 Ma [Carrapa and DeCelles, 2008], implies significant crustal thickness under the Puna Plateau
by late Eocene-Oligocene time. Previous workers proposed that the Puna Plateau was high and dry by as
early as ~25 Ma based on the presence of extensive evaporite deposits within the plateau [Vandervoort et al.,
1995]. Gypsiferous deposits are found in the upper Eocene Quinõas Formation (~37 Ma) in Salina del Fraile
[Kraemer et al., 1999; Carrapa et al., 2005] (Figure 1) indicating that aridity was established as early as 37 Ma.
Limited erosion of the Puna Plateau since at least 25 Ma [Carrapa et al., 2005, 2009; Alonso et al., 2007; Strecker
et al., 2007; Carrapa and DeCelles, 2008] is consistent with sustained aridity, high elevation, and low internal
relief since the early Miocene.

In order to investigate the uplift history of the Puna Plateau and in particular of the Eastern Cordillera and
their relationships with deformation and upper crustal shortening, we analyzed the stable isotopic composition
of carbonate and volcanic glass samples from the region. Samples of pedogenic carbonate nodules, lacustrine
marls, spring deposits, and volcanic tuffs were collected within the Salar de Antofalla and Pasto Ventura (Puna
Plateau) and within the Angastaco basin and surrounding areas (Eastern Cordillera) (Figure 1). Samples are
restricted to the Miocene because of availability of suitable material for the isotopic analyses, which included
hydrogen (δ2H or δD), oxygen (δ18O), and clumped isotope thermometry (Δ47) methods.
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3. Stable Isotope-Based Paleoaltimetry Approach

Conventional methods for reconstructing elevation histories from stable isotope data archived in minerals
are based on the systematic decrease of the hydrogen (δ2H or δD) and oxygen (δ18O) isotopic values of
meteoric water with increasing elevation, which occurs through the process of Rayleigh distillation as air
masses rise to higher elevations [e.g., Craig and Gordon, 1965; Dansgaard, 1964; Poage and Chamberlain, 2001;
Blisniuk and Stern, 2005; Rowley and Garzione, 2007]. Meteoric water O-isotopic compositions (δ18Ow) are
then recorded by the δ18O values of carbonate minerals (δ18Occ) that precipitate from surface waters (e.g.,
carbonate formed from lake or soil water) and by the hydrogen isotopic composition of hydrated volcanic
glasses (δ2Hglass). Changes through time in the δ2H and δ18O values of meteoric water inferred from minerals
can be used to reconstruct the elevation history of a region.

A number of complicating factors must be considered, including howwell surface waters reflect meteoric water.
Under most environmental conditions, δ18O and δ2H values for surface waters approach monthly averages for
meteoric water. However, under arid conditions such as those that characterize the Puna Plateau today, δ18O
values for soil and surface waters can be enriched in 18O by several per mil from local meteoric water values
through evaporation [e.g., Cerling, 1984; Cerling and Quade, 1993; Gazis and Feng, 2004; Hsieh et al., 1998; Quade
et al., 2007]. In contrast, hydration of volcanic glass is unaffected by evaporative enrichment. Meteoric water is
absorbed by volcanic glass as it equilibrates to surface conditions, increasing the original water content of the
glass (~0.2 wt %) to as much as 7–8 wt % and effectively overwriting the isotopic composition of inherent
magmatic water [Friedman et al., 1993]. This hydration process, which may require 103–104 years, creates a
record of the hydrogen isotopic composition of past precipitation in the glass that is fixed and unaffected by
further exchange with environmental waters [Dettinger, 2012; Quade, personal communication, 2014].

Since δ2H values of surface waters are less affected by evaporative enrichment than are concomitant
δ18O values [Craig and Gordon, 1965], the δ2H values of volcanic glasses are expected to provide a better
estimate of the isotopic composition of meteoric waters—and therefore a more robust estimate of
paleoenvironmental conditions and elevation—than δ18O values of sedimentary carbonates, especially
in extremely arid environments. In addition, in locations where carbonate and volcanic glass are both
available for stable isotope analysis, an estimate for aridity can be obtained by calculating the offset in δ18O
water values determined from δ18Occ and δ2Hglass values (converted to δ18Owater values using the global
meteoric water relationship: δ18Owater = (δ2Hwater� 10)/8 [Craig, 1961]), which are differently affected by
evaporation (Δ18Occ-glass = δ18Occ� (δ2Hglass� 10)/8). The magnitude of offset between these values
positively correlates with the degree of aridity, such that larger offsets equate to more arid conditions.
Differences between surface and meteoric waters in evaporative environments can thus be accounted for
through our multiproxy approach.

The effect of seasonal variations in temperature on the isotopic composition of carbonates must also be
considered. The δ18O values of carbonate minerals are subject to the temperature-dependent isotopic
fractionation between water and carbonate [e.g., Cerling and Quade, 1993; Fan et al., 2011; Fox and Koch, 2004;
Liu et al., 1996], and thus the temperature of carbonate formation must be estimated in order to infer
paleowater δ18O values from carbonates. Soil and lake water temperatures generally vary predictably with
air temperature [e.g., Hillel, 1982; Hren and Sheldon, 2012]. However, if carbonate forms seasonally, the
temperature of carbonate formationmay differ frommean annual soil or lake water temperatures [e.g., Ghosh
et al., 2006a; Huntington et al., 2010]. In most settings, pedogenic carbonate formation is biased toward the
warm season [Breecker et al., 2009; Snell et al., 2013; Quade et al., 2007, 2011, 2013; Passey et al., 2010; Peters
et al., 2013], although formation may occur under conditions closer to mean annual temperature in places
with little seasonal temperature variation [Passey et al., 2010] or in which the soils remain wet throughout
the warm season [Peters et al., 2013]. The temperature and timing of lacustrine carbonate formation is less
well understood, but it is likely that biogenic and inorganic lake carbonate formation is also biased toward
the warm season [Huntington et al., 2010; Quade et al., 2011]. To deal with this issue, we employ carbonate
clumped isotope thermometry [Ghosh et al., 2006b; Eiler, 2007, 2011] to provide a direct estimate of the
temperature of carbonate formation (T(Δ47)), constraining paleoenvironmental conditions and enabling
the δ18O values of water to be calculated from carbonate δ18O values. Independent T(Δ47) estimates from
clumped isotope thermometry both eliminate the need to assume the temperature of carbonate growth
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to calculate paleowater δ18O values from carbonate δ18O values and provide independent estimates of
paleoelevation based on the comparison of carbonate growth temperatures with surface temperature
“lapse rates” or gradients in surface temperature with elevation [e.g., Ghosh et al., 2006a; Quade et al., 2007;
Huntington et al., 2010; Lechler et al., 2013; Leier et al., 2013].

Finally, the interpretation of paleoaltimetry data sets is complicated by the sensitivity of the isotopic
composition of precipitation to the climatic conditions under which that precipitation is produced. Regional
or global changes in temperature, humidity, wind direction (therefore source area), and amount of
precipitation can all affect δ2H and δ18O values in precipitation [Ehlers and Poulsen, 2009; Insel et al., 2012; Leier
et al., 2013; Quade et al., 2007; Rowley and Garzione, 2007]. Since these conditions are not stable but may have
varied over both short and long timescales in the Central Andes [e.g., Vuille and Warner, 2005], they can
introduce considerable uncertainty into estimates of elevation based on δ18O and δ2H values from
carbonates, volcanic glass, or other source materials. This is especially true for paleoelevation estimates based
on modern isotopic lapse rates, which may be quite different from rates experienced for much of the
Cenozoic Era. For the Andes, climate model simulations of seasonal environmental conditions have shown
that isotopic lapse rates can change by up to 4.0‰ km�1 in response to temporal and spatial variations in
temperature, elevation, and latitude [Ehlers and Poulsen, 2009; Insel et al., 2012; Sewall and Fricke, 2013]. Also,
studies of observations of O isotopes show seasonal and interannual variability of this same magnitude
[Vuille and Warner, 2005]. Since our samples are restricted to the last 14 Ma, we avoid earlier time intervals
(i.e., the Paleogene) when elevated atmospheric CO2 concentrations would have caused global climate
to have deviated sharply from present-day conditions in the Eastern Cordillera and Puna Plateau obfuscating
elevation estimates [Poulsen and Jeffery, 2011].

Paleoaltimetry proxies are also affected by climate variability. Seasonality is indicated by the shifts in meteoric
water 18O/16O ratios for pluvial times during the last glacial cycle [Godfrey et al., 2003] and by modern land
surface temperature data derived from Moderate resolution Imaging Spectroradiometer (MODIS) satellite
data [Wan et al., 2004] (supporting information Figure S1). Estimates of past climate variability from the
Eastern Cordillera of NW Argentina suggest that temperatures varied by 3–4°C between Upper Pleistocene
pluvial periods and the present day [Bookhagen et al., 2001]. A similar degree of climate variability has been
reported by Godfrey et al. [2003] based on the similarities and differences of meteoric δ18O values from the
Puna Plateau during Pleistocene pluvial times. Furthermore, erosion rates for the same time frame increased
tenfold indicating significant environmental changes [Bookhagen and Strecker, 2012]. Thus, caution is still
warranted, and correct interpretation of paleoaltimetry proxies requires a multiproxy approach.

We here combine standard methods of stable isotope paleoaltimetry with a novel application of δ2H and δ18O
data to estimate aridity and with clumped isotope thermometry as an independent proxy for past temperature.
These approaches allow us to evaluate changes in temperature, aridity, and δ18O values of meteoric water as
independent proxies for changes in elevation, reducing uncertainties in our estimates. This approach has
limitations related to the fact that samples collected for δ18O analysesmay have formed at different times of the
year and at different temperatures than the glass within the tuffs. This is particularly a problem for lacustrine
samples due to high seasonal variability of δ18O values in lake water [e.g., Henderson and Shuman, 2009].
However, the pedogenic carbonate nodules and tuffs collected for δ2H and δ18O analyses in this study mostly
come from fluvial facies, which suggests similar paleoenvironmental conditions at the time of deposition.

Correct evaluation of paleotemperature and paleoelevation ultimately requires a combined analysis of
isotopic data and other geological data. Our specific aim is to determine when environmental conditions
similar to today were established on the Puna Plateau of NW Argentina (Pasto Ventura and Salar de Antofalla
areas) and in adjacent areas along the margin of the Plateau in the Eastern Cordillera (the Angastaco basin
and other locations). We use multiproxy paleoaltimetry data with independent geological information to
determine the elevation history of the southern Puna Plateau and the Eastern Cordillera of NW Argentina.

4. Analytical Methods
4.1. Analysis of Volcanogenic Glasses

Volcanic glass was separated from tuffs from the Eastern Cordillera (n=9; seven from the Angastaco basin,
one from the Villavil (VV) section, and one from the La Viña/Allemania section; Figure 1b) and Puna Plateau
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(n= 4; three from the Pasto Ventura and one from the Salar de Antofalla regions) using methods modified
from Cassel et al. [2009]. See supporting information (Table S1) for sample details. After disaggregating tuffs
in a ceramic mortar and pestle, carbonate was removed by addition of 6 N HCl, followed by rinsing in
Deionized (DI) water (3 times). Samples were then sieved to separate the 250–125 μm and 125–53 μm size
fractions, the size fraction that ensures sufficient hydration without alteration to clay [Friedman et al., 1993].
Glass from these fractions was separated by a combination of heavy liquid separation (lithium polytungstate,
ρ=2.2 to 2.25 g/mL), ultrasonication in DI water (to remove adhering clays), and passage through a Frantz
Isodynamic Separator (to remove biotite). Purity of samples (~99% glass) was confirmed via visual inspection
with a petrographic microscope.

Stable isotope analysis of glass samples (2–3 mg) was performed at the University of Arizona’s Environmental
Isotope Laboratory. Approximately 2–3 mg aliquots of glass were packed into silver foil and analyzed in
triplicate on a thermal conversion elemental analyzer coupled with a Delta V plus isotope ratio mass
spectrometer. Instrument precision (1 σ) was 2.5‰ based on repeated analysis of internal lab standards and
international standard reference materials (PEF-1, NBS-22, and NBS-30). Stable isotope values are reported
in per mil (‰) using delta (δ) notation [δ= (Rsample/Rstandard� 1) × 1000] where R represents the respective
isotope ratio (2H/1H) of sample and standard (Vienna standard mean ocean water (VSMOW)).

4.2. 18O Analysis of Pedogenic Carbonate Nodules

Sedimentary carbonates intended for conventional (δ18O, δ13C) stable isotopic analyses were sectioned using
a rock saw, and powder samples (~5mg) were drilled from themicritic interior using a Dremel drill (0.6 mm bit).
Care was taken to avoid contamination by secondary carbonates (spar). Three powder samples were
collected from each carbonate sample unless small specimen size made this impractical. Powders were then
weighed (100–200 μg) into glass vials, dried overnight (50°C), capped, and then flushed with He before
reaction with 100% phosphoric acid (100 μL) for a minimum of 24 h. The CO2 produced and concentrated in
the headspace of the vial was then analyzed using a Thermo Finnigan GasBench II connected to a Thermo
Finnigan Delta Plus XP continuous flow isotope ratio mass spectrometer at the Stable Isotope Facility at
the University of Wyoming. Instrument precision (1 σ) was better than 0.1‰ for δ13C values and 0.2‰ for
δ18O values based on repeated measure of internal lab standards and international standard reference
materials (NBS18, NBS19). Stable isotope values are reported in per mil (‰) using delta (δ) notation
[δ= (Rsample/Rstandard� 1)× 1000] where R represents the respective isotope ratio (13C/12C, 18O/16O) of sample
and standard (Vienna Peedee belemnite (VPDB)).

4.3. Clumped Isotope Thermometry Analysis

A subset of the carbonate samples from the Angastaco basin (ranging in age from ~8 Ma to ~3 Ma; Table S3)
and Puna Plateau (ranging in age from ~10 Ma to ~0.5 Ma; Table S3) were analyzed for clumped isotope
thermometry (Δ47, δ

13C, and δ18Occ) at the California Institute of Technology (CIT). Analyses were performed
on two ThermoFinnigan MAT 253 mass spectrometers (MS-I and MS-II) configured to measure m/z 44–49
inclusive [Eiler and Schauble, 2004; Affek et al., 2007]. The samples included 11 pedogenic calcite nodules from
the Angastaco basin and calcite from three soil nodules and one lacustrine marlstone from the Pasto Ventura
and Salar de Antofalla regions of the Puna Plateau (Table S3). For each of the 34 analyses of these samples,
8 to 9 mg of calcite was digested in anhydrous phosphoric acid under vacuum and purified cryogenically
and using gas chromatography. The MS-I samples were digested at 25°C and purified using the methods of
Ghosh et al. [2006a] and Huntington et al. [2010], and theMS-II samples were digested at 90°C and purified using
the methods of Passey et al. [2010]. Following purification, the CO2 was transferred to a mass spectrometer
for isotopic ratio analysis. The in-house carbonate Δ47 standard Carrara marble was analyzed along with the
samples (accepted Δ47 value 0.352‰ in the CIT reference frame—see below) and yielded an average value of
0.345±0.010‰ for MS-I and 0.350±0.009‰ for MS-II (1 standard deviation), showing good agreement
between the two methodologies and mass spectrometers (Table S4).

The analyses were conducted prior to the creation of the absolute reference frame (carbon dioxide
equilibrium scale) described by Dennis et al. [2011], so we report Δ47 data relative to the CIT intralab reference
frame, which is normalized to analyses of CO2 heated to 1000°C [Huntington et al., 2009]. Heated gas and
carbonate standard data are reported in the supporting information (Table S4). Analyses were screened for
contaminants using mass 48 values [e.g., Eiler and Schauble, 2004; Guo and Eiler, 2007; Huntington et al., 2009],
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and results are reported only for samples with Δ48 values within 2‰ of the heated gas δ48 versus Δ48 line.
For samples digested at 90°C, the reported Δ47 value includes an acid digestion correction of 0.081‰, which
was determined empirically in the CIT lab using the same methods and during the same time period over
which the samples were analyzed [Passey et al., 2010]. The data are thus consistent with the initial calibration
data ofGhosh et al. [2006a], and so we convert sample Δ47 values into carbonate growth temperature estimates
(T(Δ47)) using the Ghosh et al. [2006a] calibration, with errors propagated following Huntington et al. [2009].
For reference, Δ47 values estimated using a tertiary transfer function based on analyses of carbonate
standards [Dennis et al., 2011] are reported in the absolute reference frame in the supporting information
(Tables S3 and S4), although these values are only approximate and are not considered in the discussion.

5. Stable Isotopic Results
5.1. Volcanic Glass δ2H Results

Hydrogen isotopic values for glass samples (δ2Hglass) from the Eastern Cordillera and from the Pasto
Ventura and Salar de Antofalla regions in the Puna Plateau were compared with previously analyzed
samples from the Puna Plateau (Arizaro basin and Salina del Fraile; Canavan et al. [2014]) (Figures 1 and
2). Our new Puna Plateau samples from Pasto Ventura and Salar de Antofalla (mean δ2Hglass

value =�94 ± 8‰, n= 4) yield similar values to other samples (Eocene to modern) from the Puna Plateau
(mean δ2Hglass value =�99 ± 11‰, n= 10 [Canavan et al., 2014]). Samples from the Puna Plateau have
consistently lower isotopic values (i.e., higher reconstructed elevations) than samples from the Eastern
Cordillera (mean δ2Hglass =�78 ± 7‰, n= 9) (Table S1). Using the fractionation factor between the δ2H
value of volcanic glass and of meteoric water (1.0343 [Friedman et al., 1993]), corresponding δ2H
meteoric water values (δ2Hmw) for the Puna Plateau and Eastern Cordillera samples are calculated to
have been around �70‰ and �45‰, respectively.

Figure 2. Stable isotopic data for Cenozoic volcanogenic glass and sedimentary carbonates from (a) the Puna Plateau and (b) the Eastern Cordillera. Vertical dashed
lines represent median δ18O values for meteoric water determined from volcanogenic glass and sedimentary carbonates with shaded areas defining the first quartile
(25th percentile) and second quartile (75th percentile) for samples from the Puna Plateau (light gray; this study (sedimentary carbonates) and Canavan et al. [2014]
(volcanogenic glass)) and Eastern Cordillera (dark gray). Meteoric water δ2H values determined from volcanogenic glass were converted to δ18O values using the Global
Meteoric Water Line [Craig and Gordon, 1965]. Carbonate δ18O values were converted to water δ18O values using temperatures determined by clumped isotope (Δ47)
analysis (values plotted in °C) of a subset of pedogenic and marl carbonates from each sampling area. Error bars represent±1 SE. (c) Temperatures calculated based on
Δ47 analyses presented in this study. Refer to text for explanation.
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We converted δ2Hmw values determined from volcanic glass to meteoric water δ18O values (δ18Omw) using
the global meteoric water relationship: δ18Omw= (δ2Hmw� 10)/8 [Craig, 1961]. Calculated δ18Omw values
show about a 2‰ offset between samples from the Puna Plateau (�9.0 ± 0.9‰) and Eastern Cordillera
(�7.1 ± 0.8‰) (Figures 2a and 2b). In general no relationship between isotopic values and sample age is
observed. In general, our δ18Omw values are comparable to the range of values reported by Canavan et al.
[2014] for Eocene to modern ash deposits within the Puna Plateau. In the following section, these values are
combined with δ18O water values calculated from pedogenic carbonate nodules to compare the degree of
aridity between the Puna Plateau and Eastern Cordillera.

We estimate paleoelevation of the samples using an empirically derived equation of δ2Hmw=�13.7‰
km�1 × elevation (in km)� 9.0 (R2 = 0.90), relating elevations and δ2H values of meteoric waters [Dettinger,
2012; Quade, personal communication, 2014]. Using this approach, elevations for the Eastern Cordillera are
calculated to have been> 2.0 km since at least 7 Ma based on eight volcanic glass analyses from tuffs mostly
within fluvial deposits of the Angastaco basin (Figure 1b) (samples, Table S1); modern average elevation of
the Eastern Cordillera is ~2.7 km (Figure 2c). For sample LVT1-006 (Table S1), which is from a lacustrine
bed from the La Viña section ~80 km east of Angastaco basin, the same equation suggests paleoelevations
that are twice the modern elevation (Table S1). We interpret this high paleoelevation estimate to reflect
the hypsometric mean elevation of the drainage basin [Rowley and Garzione, 2007; Saylor et al., 2009] rather
than the local elevation of the sample. Therefore, the high elevation recorded by sample LVT1-006 represents
mean elevation of the Eastern Cordillera at ~14 Ma. Using the same equation for δ2Hmw values from four
samples from the Pasto Ventura and Salar de Antofalla, elevations for the Puna Plateau are calculated to have
been > 3.0 km since ~10 Ma (Table S1).

5.2. Carbonate δ18O and δ13C Results

Isotopic results for carbonate samples from the Puna Plateau and Eastern Cordillera are presented in the
supporting information (Table S2) and summarized here. Carbonate δ18O (VPDB) values (δ18Occ) for six
pedogenic carbonate nodules (from fluvial deposits), a sample of lake marlstone, and two samples of spring
deposits collected in Miocene-Pliocene deposits from the Puna Plateau region ranged from�4.9‰ to�2.4‰
with no apparent relationship with age, location, or carbonate type (Figure 2a).

The 32 pedogenic carbonate nodules collected fromMiocene-Pliocene deposits of the Angastaco basin show
δ18Occ (VPDB) values that range between �9.7‰ and �3.9‰ (Table S2). These data agree with previous
results showing a shift from low (�9.7 to �7.9‰) to higher values (�6.9 to �3.9‰) between ~8 Ma and
5.5 Ma, which has been interpreted to represent a change from more humid climate conditions (>5 Ma) to
sustained aridity at ~5.5 Ma [Bywater-Reyes, 2009]. This interpretation is also supported by δ13C values
determined from these carbonates (Table S2) [Bywater-Reyes, 2009] and from associated mammalian tooth
enamel, which show a similar shift from low (�15.5 to�10.2‰ VPDB) to higher (�9.5 to�8.1‰ VPDB) values
[Bywater-Reyes, 2009], suggesting that environmental conditions became drier.

6. Clumped Isotope Thermometry Results

The clumped isotope analyses (Table S3) provide independent estimates of calcite precipitation temperature,
δ13C and δ18Occ values, from which the δ18Ow values of the parent waters can be calculated [Ghosh et al.,
2006a, 2006b; Eiler, 2007, 2011]. The nine youngest (6.2 to 3.2 Ma) Angastaco basin samples yielded plausible
soil temperatures ranging from 19 to 30°C (average 24± 4°C, 1 σ). Using the fractionation factor of Kim and
O’Neil [1997], calculated values of the δ18Ow of the soil waters from which these samples precipitated range
from �4.7 to �2.1‰ (mean �3.7± 0.7‰ VSMOW). The oldest (8.0 Ma) Angastaco sample yielded a warmer
temperature of 38°C and a calculated δ18Ow value of �4.2‰ (VSMOW) that is consistent with the other soil
water values. These temperatures are in the range of T(Δ47) values observed for modern/Holocene pedogenic
carbonates from the Andes and elsewhere and paleosol carbonates from the Altiplano and Subandes [e.g.,
Quade et al., 2013; Peters et al., 2013; Garzione et al., 2014]. In contrast, the 6.3 Ma Angastaco sample yielded
a significantly warmer temperature of 50°C and an anomalously high δ18Ow value of 1.1‰, suggesting that the
sample was diagenetically altered, as discussed below. Clumped isotope temperature estimates for pedogenic
nodules from the Puna Plateau (10–0.5 Ma) range from 14 to 17°C and are indistinguishable within uncertainty
(average 16±2°C). The Puna Plateau marl sample (9.9 Ma) yielded a warmer T(Δ47) value of 25°C, but this
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temperature estimate is not directly
comparable to the soil nodule
temperatures due to the lacustrine nature
of the deposit. Estimates of the δ18O
values of the lake and soil waters in
equilibrium with the Puna Plateau
samples range from �4.1 to �1.8‰,
similar to the range observed for the
Angastaco basin samples (Figure 2).

The elevated temperature and δ18Ow

value of the 50°C Angastaco basin sample
(6.3 Ma) suggest diagenetic alteration,
which can occur either via
recrystallization or by diffusive C―O
bond reordering [see Passey and Henkes,
2012]. The Angastaco basin samples were
only buried to ~2 kmdepth and heated to
maximum burial temperatures of ~80° to
100°C (Figure 3), ruling out diffusive
C―O bond reordering [Henkes et al.,
2014]. The 50°C sample temperature
therefore reflects recrystallization
conditions. The sample’s δ18Occ value of
�5.9‰ (VPDB) is similar to the δ18Occ

values of the 19–30°C Angastaco basin
samples, suggesting that recrystallization
occurred in a closed-system, rock-
buffered (i.e., high rock:water ratio)
environment. Under such conditions, the
sample δ18Occ value would remain

approximately constant while the δ18Ow

value became enriched in 18O and T

(Δ47) increased. Figure 3b shows that
this pattern is observed for the 50°C
sample. As a consequence, neither the
sample temperature nor the calculated
δ18Ow value provides useful
paleoenvironmental information.

It is unlikely that this mechanism affected
the 38°C (8 Ma) Angastaco basin sample.
If the 38°C sample had originally recorded
similar depositional conditions as the
19–30°C samples and been recrystallized

in a rock-buffered environment, we would expect it to have an elevated δ18Ow value and plot near the

4–6‰ (VPDB) δ18Occ contour in Figure 3b. But this sample’s water δ18O is consistent with that of the other
samples, giving us no reason to suspect that the 38°C temperature does not represent primary
environmental conditions.

The clumped isotope temperatures can be combined with conventional carbonate δ18Occ values and δ2H values
from glass to estimate paleowater δ18Ow values, for comparison to the soil water δ18Ow values given by the

clumped isotope samples. We compared (1) soil water δ18Ow (VSMOW) values calculated from carbonate δ18Occ

values and formation temperatures with (2) volcanic glass-based estimates of δ18Ow calculated by converting

Figure 3. Measured T(Δ47) values for pedogenic carbonate nodules
from the Angastaco basin (squares) plotted versus (a) estimated
maximum burial depth and (b) apparent δ18Ow values for the samples.
In Figure 3a squares show sample temperatures with 1 SE error bars.
For reference, the heavy solid lines show estimated burial geotherms,
assuming a surface temperature of 20°C and a gradient of 30°C/km or
20°C/km. The shaded regions outlined by dashed lines indicate ±10°C
offsets from these trends, which we consider a reasonable estimate of
uncertainty. In Figure 3b sample T(Δ47) values were calculated using
the calibration of Ghosh et al. [2006a, 2006b], and δ18Ow values were
calculated using the calcite-water oxygen isotope thermometry
equation of Kim and O’Neil [1997] (as in Table S3). Squares are sample
data with 1 SE error bars. Gray contours are solutions to the calcite-
water oxygen isotope thermometry equations for constant δ18Occ
values. If closed system reordering in a diagenetic environment with a
high rock:water ratio is responsible for the elevated clumped isotope
temperatures, T(Δ47) is expected to increase along contours of constant
δ18Occ

18Ocarb.
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estimates of meteoric water δ2H values from glass to δ18O values using the global meteoric water
relationship: δ18Owater = (δ2Hwater� 10)/8 [Craig, 1961]. Estimates for meteoric water δ18O values for the
Angastaco basin (mean δ18Omw=�7.1 ± 0.8‰ (VSMOW)), Pasto Ventura and Salar de Antofalla (mean
δ18Omw =�9.0 ± 0.9‰), and northern Puna Plateau (mean δ18Omw=�10 ± 1.7‰ [Canavan et al., 2014])
were significantly lower than soil water δ18Ow values calculated from carbonates (Figures 2a and 2b).

The calculated offset (Δ18Ow-mw) between δ18Ow values for soil (from carbonates) and δ18Omw for meteoric
waters (from glass) from the Puna Plateau (Pasto Ventura and Salar de Antofalla; 6 ± 2‰; Figure 2a) is
greater than that calculated for the Eastern Cordillera samples (ages 8.0 to 3.2 Ma; 3 ± 2‰; Figure 2b
and Table S2).

7. Discussion

The establishment of environmental conditions similar to modern on the Puna Plateau since ~10 Ma, and as
early as 36 Ma [Canavan, 2012; Canavan et al., 2014], and in the Eastern Cordillera since 14 to 7 Ma is evident
from examination of meteoric water δ18O values determined from volcanic glass (δ2Hglass

2Hglass) and
carbonate materials (δ18Occ) (Figures 2a and 2b). The ~ 6‰ difference between δ18O values derived from
volcanic glass (�9.0 ± 0.9‰) and δ18O values derived from pedogenic carbonate nodules (�2.7 ± 0.9‰)
indicates sustained aridity in the Puna Plateau since at least 10 Ma.

Conversion of meteoric water δ2H values determined from volcanogenic glass to corresponding δ18Omw

values produces lower values for the Puna Plateau (�9.0‰) than for the Eastern Cordillera (�7.1‰). These
values agree with modern precipitation δ18O values for both areas. In the Eastern Cordillera, δ18O values
for precipitation have been measured at three stations near our field sites in Argentina: Purmamarca,
elevation 2400 m; Los Molinos, 1300 m; and Salta, 1187 m. Long-term weighted means for precipitation δ18O
values at these locations are �8.0‰, �6.3‰, and �6.5‰, respectively [IAEA/WMO, 2014], and are in good
agreement with our calculation of a mean δ18Omw value of �7.1 ± 0.8‰ from our volcanic glass samples.
Although direct measurements of precipitation from the Puna Plateau are not available, precipitation δ18O
values have been determined from stations at similar elevations in Chile (�9.8‰ to �10.2‰ [IAEA/WMO,
2014]), which are in close agreement with the mean δ18Omw for our four sites (�9.0 ± 0.9‰) and others
from the northern Puna Plateau (�10± 1.7‰ [Canavan et al., 2014]). In addition, our δ18Omw values for the
Puna Plateau are similar to modern atmospheric water vapor δ18O values obtained from Salar de Hombre
Muerto region [Godfrey et al., 2003]. The consistent difference in precipitation δ18O values at these two
locations today and in the past supports our interpretation suggesting that the present elevation difference
between the Puna Plateau and Eastern Cordillera has been in place and by inference paleoenvironmental
conditions similar to modern were acquired since at least 7 Ma.

In contrast, the difference in δ18Occ values at both sites is negligible, with δ
18Ow values derived from carbonates

centering on �3 to �4‰ in the Puna Plateau and Eastern Cordillera (Figures 2a and 2b). The greater offset
between δ18Ow values determined from carbonates and δ18Omw values determined from volcanogenic glass
for the Puna Plateau (6 ± 2‰) than for the Eastern Cordillera (3 ± 2‰) is consistent with the interpretation
that while both areas experienced arid conditions, the Puna Plateau was significantly drier leading to greater
evaporation of source waters than in the Eastern Cordillera since at least 10 Ma (Figures 2a and 2b).

Overall δ18Ow values calculated from pedogenic carbonate nodules in the Puna Plateau are consistently
higher than values recorded in the Altiplano of Bolivia [Garzione et al., 2008; Bershaw et al., 2010] and in the
Eastern Cordillera of Argentina [Bywater-Reyes et al., 2010] and are interpreted to record intense evaporation
related to an arid environment established since at least the middle to late Miocene—consistent with the
establishment of high elevation by this time (Figure 4). This interpretation is bolstered by the observations of
extensive evaporites preserved in the Puna Plateau since ~36 Ma and Miocene eolian deposits in both the
Puna and Eastern Cordillera [Vandervoort et al., 1995; Carrapa et al., 2009, 2011; Starck and Anzotegui, 2001;
DeCelles et al., 2011]. We suggest that δ18Occ variations in Puna Plateau carbonates do not represent true
changes in elevation but rather changes in evaporation in response to increased aridity. The δ2Hglass values
from tuffs collected from the Puna Plateau and Eastern Cordillera are consistent with this interpretation,
showing a marked difference in values between the Puna Plateau samples (lower values of ~�99‰: higher
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elevation) and the Eastern Cordillera samples (higher values of ~�78‰: lower elevation) since ~10 Ma
(Figure 2b). Interesting modern deuterium values for the nearby Salar de Hombre Muerto waters are ~80 per
mil suggesting that some areas of the Puna Plateau (e.g., Arizaro [Canavan et al., 2014]) may have been higher
than today in the Miocene.

In order to further evaluate changes in isotopic compositions as a function of temperature and elevation,
we analyzed the differences in pedogenic calcite nodule T(Δ47) values recorded by different age samples
within the Puna Plateau and Eastern Cordillera and compared these values to modern environmental
temperatures for the region. Recent studies have shown that pedogenic carbonate formation is biased
toward the warm season [Breecker et al., 2009; Passey et al., 2010; Quade et al., 2007, 2011, 2013] except in
cases where summer precipitation prevents soil drying out until fall, when soil temperatures are closer to
mean annual temperature [Peters et al., 2013]. Although the Puna Plateau receives summer precipitation,
the summer rains are sufficiently infrequent that complete drying is likely to occur rapidly, resulting in soil

Figure 4. (a) Summary time-elevation diagram showing the elevation history of the Puna Plateau and Eastern Cordillera
based on this study and other published work. Paleoelevation calculations from δ2H values are presented in Table S1,
and those from clumped data are explained in the text. (b) Schematic cross sections (vertically exaggerated) at different
times for the Puna Plateau and Eastern Cordillera indicating the location of the foreland basin depozones and of the
orogenic front. Uplift calculated assuming airy isostasy and area balance calculation; refer to text for more explanations.
A 25% shortening, an initial undeformed length of the Eastern Cordillera of 275 km and a final shortened length of 205
km [Grier et al., 1991], an original crustal thickness of 40 km (based on modern crustal thicknesses under the present
foreland [Beck and Zandt, 2002]), and crust and mantle density of 2.8 and 3.3 g/cm3, respectively.
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carbonate formation during the summer, despite it being the wet season. Thus, we consider soil nodule
formation temperatures to approximate summer air temperatures in this region. Modern air temperature
estimates (12 year average air temperature inferred from MODIS data (Figure S1)) indicate that for the Pasto
Ventura area, modern mean annual air temperature (MAAT) is 8.6°C and summer (December-January-February
(DJF)) air temperature is 15.8°C. This summer air temperature is indistinguishable from the average Puna
Plateau nodule sample temperature of 16 ± 2°C. The Angastaco area MAAT is 22.2°C, and summer (DJF) air
temperature is 27.3°C, within error of the average Angastaco paleosol nodule T(Δ47) value of 24 ± 4°C for the
6.2 to 3.2 Ma samples. The close correspondence of pedogenic calcite nodule T(Δ47) values and modern
temperatures suggests that soil paleotemperatures in the Angastaco basin and Puna Plateau were not
significantly different from modern temperatures over this interval. The 8 Ma Angastaco paleosol nodule
yielded a higher temperature of 38°C, raising the intriguing possibility that the Angastaco basin was warmer,
and potentially at lower elevation, at this time. The δ18Ow value of the soil water from which the sample grew
(�4.2‰ VSMOW) is consistent with the other Angastaco basin and Puna Plateau samples. However, because
δ18Ow values likely reflect aridity and/or precipitation amount [Insel et al., 2013], we cannot use the 38°C
sample’s δ18Ow value to test the hypothesis that the decrease in temperature between 8 and 6.2 Ma reflects
an increase in basin elevation. Because we lack other samples in this age range to confirm the warm
temperature, it is also possible that the 38°C sample reflects local temperature variability due to differences in
vegetative shading, topographic aspect, or other factors.

The absolute temperatures are a function of both climate and elevation, but the difference in temperature
between the Puna Plateau and Eastern Cordillera samples should primarily reflect elevation, provided the
temperature lapse rate when the samples were deposited was similar to today’s. Atmospheric lapse rates
in the lower few kilometers of the troposphere are predominantly influenced by latitude and the moisture
content of the atmosphere [e.g., Schneider, 2007]. South America has not drifted significantly in latitude
during the Cenozoic, and isotopic and geologic evidence show that the study area has been arid to semiarid
since the Mid-Miocene and likely much earlier, suggesting long-term stability of atmospheric lapse rates in
the study area over this interval

General circulation model experiments have suggested that climate responds nonlinearly, with significant
threshold effects, to rising surface topography [Ehlers and Poulsen, 2009; Insel et al., 2012; Poulsen et al.,
2010]. However, our record indicates no significant change in environmental conditions over the past 10 Ma.
Also, the Puna Plateau is shown to have been at high elevations (similar to modern) since at least ~36 Ma
[Canavan et al., 2014]; therefore, variations in lapse rates due to changes in elevation should not be an issue
[Ehlers and Poulsen, 2009].

Given these observations, we examine the difference in average temperatures recorded by the Puna Plateau
samples collected at elevations of ~3.6 to 4.0 km and Eastern Cordillera samples collected 1.9 km lower at
elevations of ~1.8 to 2.1 km. Dividing the modern difference in summer air temperature between these areas
of 11.5°C by their elevation difference of 1.9 km yields a summer temperature lapse rate of approximately
6°C/km. Assuming no significant changes in climate and elevation in the area, we would expect the offset
in temperature between the Angastaco basin and Puna Plateau nodules to be around 11.5°C. A two-sample
t test indicates that the difference in the mean T(Δ47) values of the Angastaco basin (6.2 to 3.2 Ma samples)
and Puna Plateau sample suites is 8± 5°C (2 σ) (t test, H = 1; p=0.0067; d.f. = 10). Although the data permit
significant change in relative elevation of the two surfaces (±0.8 km (2 σ), assuming the modern temperature
lapse rate applies), the difference in mean T(Δ47) values is within 2σ of the expected temperature difference
based on modern climate and elevation. The lack of significant temperature change through time for the
two-sample suites suggests similar paleotopographic gradient and temperatures as today and, by extension,
similar elevations as today.

The clumped isotope temperatures thus suggest that modern elevations were reached in the Puna Plateau
(within ~ 0.3 km) by 10 Ma and in the Eastern Cordillera (within ~ 0.5 km) by 6 Ma. The δ2Hglass values of
volcanic ashes from the Puna Plateau and Eastern Cordillera indicate values similar to present and by inference
elevations similar to modern since 10 Ma and to 7 Ma, respectively (Figure 2).

High elevations similar to modern recorded by the Eastern Cordillera glass samples from tuffs by 14 Ma
are consistent with the deformation history of the region. The Angastaco basin was the site of wedge-top
deposition between 14 Ma and 4 Ma [Carrapa et al., 2012], and evidence of syndepositional deformation is
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present at the west margin of the Angastaco basin and in the Quebrada del Toro [DeCelles et al., 2011]
between 14 and 11 Ma. Deformation in the Angastaco area continued until ~4 Ma as recorded by folding
of Pliocene strata and low-temperature thermochronological data indicating Pliocene basin exhumation
[Carrapa et al., 2011]. Although the La Viña section to the east of the Angastaco basin was in a foreland
basin position, it was hydrologically connected to the Angasatco basin; therefore, sample LVT1-006 is
interpreted to record average elevation of the Eastern Cordillera since 14 Ma. This evidence combined with
the fact that the Angastaco area was in a proximal foredeep position until 14 Ma and was in a wedge-top
position between ~14 and 4 Ma [Carrapa et al., 2012; DeCelles et al., 2011] limit the timing of uplift of the
Eastern Cordillera to between ~14 Ma and 4 Ma. Our data help better constrain the timing of uplift,
indicating that the Angastaco area was at elevations similar to modern since at least 7–6 Ma and possibly as
early as 14 Ma based on δ2H values and as early as 10 Ma based on the relative difference in isotopic values
between the Puna and Eastern Cordillera. Assuming an average foreland basin elevation of 400 m
(Figure 2c) and an average final elevation of 1.9 km, the magnitude of uplift is estimated to be 1.5 km. We note
that a 1.7 km magnitude of uplift results from assuming a 200 m foreland basin elevation. The timing of this
deformation suggests that surface uplift of the Eastern Cordillera occurred during active shortening and
orogenic growth.

We suggest that the Miocene concentration of long-lived deformation and surface uplift in the Eastern
Cordillera reflects active shortening and crustal thickening in the region. The predicted uplift of the Eastern
Cordillera, assuming that all the shortening and crustal thickening occurred in the Miocene and isostatic
balance, is calculated to be 2.1 km (Figure 4). This value of predicted uplift is obtained by performing an area
balance calculation assuming airy isostasy, using values of 25% shortening (from an initial undeformed length
of the Eastern Cordillera of 275 km and a final shortened length of 205 km from Grier et al. [1991]), an original
crustal thickness of 40 km (based on modern crustal thickness under the present foreland from Beck and Zandt
[2002]), and crust and mantle density of 2.8 and 3.3 g/cm3, respectively. The calculated uplift is consistent with
the 1.5–1.7 km of uplift obtained by combining our paleoelevation proxies with independent
geological evidence.

Miocene-Pliocene small-scale lithospheric foundering has been suggested under the Puna Plateau
[Schoenbohm and Carrapa, 2009]. If small-scale lithospheric foundering occurred, our data indicate that the
amount of uplift resulting from isostatic rebound following foundering must be small enough (<0.5–1 km) to
not be detected by our techniques. This is consistent with geochemical data and geodynamic modeling
showing small volume lithospheric removals under the plateau and isostatic rebound being limited to<1 km
[e.g., Krystopowicz and Currie, 2013]. Geochemical and geophysical data [e.g., Ducea et al., 2013; Bianchi et al.,
2013] also support small-scale lithospheric foundering under the Puna Plateau.

8. Conclusions

Our multiproxy paleoaltimetry analysis from the Puna Plateau and Eastern Cordillera places a temporal
constraint on surface uplift of the region. The Eastern Cordillera achieved environmental conditions
and elevations similar to modern between 14 Ma and 10 Ma (Figure 4). High elevation and sustained
aridity in the Puna Plateau were established by 10 Ma. Clumped isotope data indicate that temperatures
in the Puna Plateau and in the Eastern Cordillera were similar to modern since ~10 and ~6 Ma,
respectively, and that the difference in mid-Miocene-Pliocene temperatures for the two regions is
consistent with the difference in temperature and elevation of the two regions today. Our data when
combined with previous geological evidence support a pre-Miocene uplift history of the Puna Plateau
(>10 Ma) and indicate that the Eastern Cordillera experienced ~1.5 to 1.7 km of surface uplift as early as
14 Ma and by 7–6 Ma. The timing of uplift correlates with the timing of active upper crustal shortening
in the region (Figure 4a).

Our study suggests that attainment of high elevation in the Eastern Cordillera of NW Argentina, and possibly
the Puna Plateau, was the result of shortening and crustal thickening. We conclude that high elevations in
NW Argentina were achieved during crustal thickening preceding possible lithospheric removal rather than
being the result of isostatic rebound following lithospheric removal. Our data show a different uplift scenario for
the Puna Plateau when compared with data from the Altiplano and Eastern Cordillera of Bolivia and suggest
along-strike variability in timing and mechanisms of uplift in the Central Andes.
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