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[1] For the Puna Plateau and Eastern Cordillera of
NW Argentina, the temporal and spatial pattern of
deformation and surface uplift remain poorly
constrained. Analysis of completely and partially reset
apatite fission track samples collected from vertical
profiles along an ESE trending transect extending from
the plateau interior across the southern Eastern
Cordillera at �25�S reveals important constraints on
the deformation and exhumation history of this part of
the Andes. The data constrain the Neogene Andean
development of the Eastern Cordillera as well as rift-
related exhumation for some of the sampled locations in
the Late Jurassic/Early Cretaceous. An intervening
Eocene-Oligocene exhumation episode in the southern
Eastern Cordillera was probably related to crustal
shortening. Subsequent reburial of the area by Andean
foreland basin strata commenced between 30 and
25 Myr. Magnitude and duration of sedimentation,
revealed by thermal modeling, differ between the
sample locations, pointing to an eastward propagating
basin system. In the southern Eastern Cordillera,
Andean deformation commenced at 22.5–21 Myr,
predating both the inferred formation of significant
topography by 5–7.5Myr and preservation of sediments
in the adjacent Cenozoic basins by 6.5–8 Myr.
Comparing the calculated structural depth of partially
reset samples suggests that newly formed west
dipping reverse faults along the former Salta Rift
margin accommodated most of the Neogene tectonic
movement. Late Cenozoic deformation at the southern
Eastern Cordillera began earlier in the west and
subsequently propagated eastward. The lateral growth
of the orogen is coupled with a foreland basin system

developing in front of the range and then becomes
subsequently compartmentalized by later emergent
topography. Citation: Deeken, A., E. R. Sobel, I. Coutand,

M. Haschke, U. Riller, and M. R. Strecker (2006), Development of

the southern Eastern Cordillera, NW Argentina, constrained by

apatite fission track thermochronology: From early Cretaceous

extension to middle Miocene shortening, Tectonics, 25, TC6003,

doi:10.1029/2005TC001894.

1. Introduction

[2] Knowledge of the temporal and spatial pattern of
deformation and surface uplift are prerequisites for un-
derstanding the development of orogenic systems. Often,
sedimentologic and provenance data are used to infer
orogenic growth. However, a complementary method of
unraveling the complex history of mountain belts is using
apatite fission track (AFT) thermochronology along ver-
tical profiles through an uplifted section of crust to
obtain information on the onset and the rate of rock
exhumation.
[3] The timing of orogen-normal shortening on the pres-

ent-day Puna Plateau and in the Eastern Cordillera of
northwestern Argentina (Figure 1a) that led to formation
of the modern Andes remains controversial. The main phase
of Andean deformation in the southern central Andes was
thought to have started between 20 and 15 Myr [e.g.,
Jordan and Alonso, 1987; Allmendinger et al., 1997; Jordan
et al., 1997], while recent investigations suggest that tec-
tonic movements already occurred in late Eocene-Oligocene
time [Kraemer et al., 1999; Adelmann, 2001; Coutand et
al., 2001; Carrapa et al., 2005; Coutand et al., 2006]. AFT
data from the eastern margin of the Puna and from within
the southern Eastern Cordillera document rapid exhumation
in Sierra de Chango Real between 38 ± 3 and 29 ± 3 Myr
[Coutand et al., 2001] and Sierra Santa Rosa de Tastil at
30 ± 3 Myr, respectively [Andriessen and Reutter, 1994]
(Figure 1a); comparable FT cooling ages were determined
for detrital apatites from the Angastaco basin [Coutand et
al., 2006]. Similarly, Carrapa et al. [2005] document rapid
exhumation during the late Oligocene linked with tectonic
range uplift in the interior of the present-day Puna, which
was coupled with the formation of internally drained basins.
Most investigations on the uplift and deformation of this
region are based on the sedimentary record of basins
adjacent to the uplifting ranges [e.g., Jordan, 1984; Jordan
and Alonso, 1987; Allmendinger et al., 1997; Grier and
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Figure 1a. Simplified geological map of the southern central Andes, NWArgentina (modified fromMon
and Salfity [1995] (AAPG#, reprinted by permission of the AAPG whose permission is required for
further use), and location of study area. The dashed line delineates the Puna Plateau. Black circles indicate
sample locations with apparent AFT ages in Myr (ages of partially reset samples in parentheses): CA, Cachi;
CD, Cerro Durazno; CO, Complejo Oire; COL, Colome; MAC, Sierra de Macon; VL, Valle Luracatao.
Further abbreviations are as follows: Acon, Sierra Aconquija; COB, Cobres Granite; CR, Chango Real; Cum,
Cumbres Calchaquı́es; SC, Sierra Calalaste; SQ, Sierra Quilmes; SRT, Sierra Santa Rosa de Tastil. Cited AFT
ages are from (1) Coutand et al. [2001], (2) Andriessen and Reutter [1994], and (3) Deeken et al. [2005].
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Dallmeyer, 1990]. However, the basins within the Puna and
along its eastern margin are spatially discontinuous and
diachronous [Strecker et al., 1989; Allmendinger et al.,
1997; Sobel et al., 2003; Hilley and Strecker, 2004], and
the paucity of radiometrically dated volcanic ashes and gaps
in biostratigraphy in these basin sediments have precluded
the precise determination of the timing of deformation. In
addition, in settings where young strata overlie resistant
basement, the appearance of coarse clastic material in the
basin can substantially postdate the onset of exhumation
[e.g., Sobel and Strecker, 2003].
[4] Extensional structures of the Cretaceous/Paleogene

Salta Rift have strongly influenced Tertiary Andean defor-
mation styles in the Eastern Cordillera; the orientation of
specific structures with respect to the trend of Andean
shortening appears to have exerted a first-order control on
reactivation of these structures [Bianucci et al., 1982; Grier
et al., 1991; Mon and Salfity, 1995; Cristallini et al., 1997;
Kley et al., 1999, 2005; Mortimer et al., 2006]. For
example, at the southern terminus of the Eastern Cordillera
at �25�S, where the range markedly broadens [Grier et al.,
1991], the distinct boundary of the plateau has a pro-

nounced westward recess (Figure 1a). Here, the plateau
margin is formed by several basement uplifts with eleva-
tions exceeding 5500 m that mark the transition from the
southern Eastern Cordillera to the Sierras Pampeanas farther
south. These ranges divide the high plateau to the west and
north from the lower elevation parts of the southern Eastern
Cordillera to the southeast [Grier et al., 1991]. This sector
of the Eastern Cordillera developed within the Brealito and
Alemanı́a subbasins of the former Salta Rift [Grier et al.,
1991] (Figure 1b), and the ranges that were uplifted during
the Cenozoic have been inferred to represent the former rift
margin [Hongn and Seggiaro, 2001]. Within the former
Brealito subbasin, the basal synrift deposits are presently
exposed at different elevations, suggesting that faults were
reactivated to various degrees during Andean crustal short-
ening and basin inversion [Hongn and Seggiaro, 2001].
This arrangement of faults and strata thus provides an ideal
setting to examine the influence of rift structures on the
locus of Cenozoic deformation.
[5] In order to decipher the spatial and temporal devel-

opment of deformation and surface uplift in this region,
samples from six locations were collected for AFT ther-
mochronology. Sampling focused on the basement ranges
along the eastern margin of the Puna Plateau, comple-
mentary samples come from the Salar de Arizaro basin on
the plateau, and from ranges within the southern sectors of
the Eastern Cordillera (Figures 1a, 1b, 2, and 3). Most of the
sampling transects extend across significant relief and
yielded abundant track length data, allowing the results to
be interpreted in terms of variable exhumation rates through
time.
[6] The study area has a complex Mesozoic/Cenozoic

history, characterized by rift-related exhumation, burial
beneath Cenozoic sedimentary basin strata, and renewed
exhumation of the formerly buried basement ranges. Ther-
mal modeling is therefore required in order to quantify the
magnitude of this burial reheating. The consequences of this
reburial for landscape evolution models are also important,
as rock erodibility changes in the course of the exhumation
history: while the youngest soft sediments are removed,
increasingly more resistant bedrock is ultimately exposed.
As the balance between exhumation and surface uplift is
strongly influenced by variations in rock erodibility, com-
bining stratigraphic and structural data with thermal mod-
eling results also yields valuable insights into the
topographic evolution of the world’s second largest plateau
and its adjacent regions.

2. Regional Geologic Setting

[7] On the Argentine Puna Plateau and within the Eastern
Cordillera, numerous, partly isolated contractional basins
are separated by meridional-trending ranges (Figure 1a).
In addition, several Miocene-Pliocene volcanic chains
cross the plateau along NW-SE striking fault systems
[e.g., Allmendinger et al., 1983; Alonso et al., 1984;
Allmendinger et al., 1997; Riller et al., 2001]. The ranges
that reach elevations in excess of 5000 m, are bounded
either by high-angle reverse faults or thrusts on one or

Figure 1b. Map of the Salta Rift showing part of the main
structural highs and subbasins during the synrift and postrift
stages (modified from Marquillas et al. [2005] with
permission from Springer). Key is as follows: 1, synrift
stage basin margin; 2, early postrift stage basin margin; 3,
late postrift stage basin margin. Dotted area represents
topographic highs during this stage. Subbasins are A,
Alemanı́a; B, Brealito; S, Sey; TC, Tres Cruces. The black
circles indicate sample locations (for abbreviations, see
Figure 1a).
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Figure 2. Geological map of the study area (modified from Hongn and Seggiaro [2001] and Blasco et
al. [1996]). The white circles indicate sample numbers; the yellow rhombs indicate apparent AFT ages in
Myr (for abbreviations, see Figure 1a).
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both sides. They often consist of metamorphic and granitic
basement (Figure 2), which records a complex Proterozoic
to early Paleozoic history [e.g., Mon and Salfity, 1995;
Allmendinger et al., 1997] and later Mesozoic and Ceno-
zoic overprint [Mon and Salfity, 1995].
[8] The continental Salta Rift developed in late Jurassic

to early Cretaceous time (Figure 1b) [Salfity, 1982; Galliski
and Viramonte, 1988; Salfity and Marquillas, 1994]; effu-
sion of the rift-related Alto de Las Salinas basalts and
rhyolites at 128–112 Myr (K/Ar, whole rock) [Bossi,
1969; Bossi and Wampler, 1969] marks the onset of
synrift sedimentation in the southernmost part of the rift
basin. The rift basin contains the Salta Group, comprising
the synrift Kimmeridgian(?)-Campanian Pirgua Subgroup,
and the Campanian to middle Eocene postrift Balbuena
and Santa Barbara Subgroups [Marquillas and Salfity,
1988; Salfity and Marquillas, 1994; Mon and Salfity,
1995]. The Pirgua Subgroup rests unconformably on
basement rocks [Marquillas et al., 2005]. In the Brealito
subbasin, the present-day Luracatao and Hualfin/Pucará
valleys (Figures 1b and 2), syntectonic coarse conglom-
erates with thicknesses surpassing 4000 m adjacent to
basin-bounding normal faults document considerable sub-
sidence [Marquillas et al., 2005]. The north striking
reverse faults bounding the eastern flank of Cumbres de
Luracatao (Figure 2) were most likely the principal struc-
tures defining the former rift margin [Hongn and Seggiaro,
2001]. The upper Pirgua Subgroup in the Brealito subbasin
is largely eroded and postrift strata are absent, which likely
reflects basin inversion during the late Eocene to early
Oligocene [Boso et al., 1984; Marquillas et al., 2005].
Furthermore, Pirgua sedimentary rocks are thrust on Tertiary
strata west of the Cerros de la Laguna and the Cerro
Colorado (Figure 2) [Hongn and Seggiaro, 2001]. The
postrift Balbuena and Santa Barbara Subgroups (Figure 2)
reach a combined thickness of up to 1900 m in former
depocenters east of Angastaco [Marquillas et al., 2005]. An
intercalated shallow marine sequence (Yacoraite Formation)
in the Balbuena Subgroup indicates a shallow epicontinental
sea in the Maastrichtian [Salfity, 1980, 1982; Salfity and
Marquillas, 1994].
[9] The basement and the sedimentary rocks of the former

Salta Rift basin are unconformably overlain by Cenozoic
foreland basin strata. In the Angastaco area they are repre-
sented by the Payogastilla Group (Figure 2) [e.g., Dı́az and
Malizzia, 1983]. The basal, 340–600 m thick Quebrada de
los Colorados Formation [Hongn and Seggiaro, 2001]
consists of coarse-grained sandstones (sometimes conglom-
eratic) that grade upward into fine- to medium-grained

sandstones and siltstones with paleosols [Dı́az et al., 1987;
Grier, 1990]. Its poorly constrained age was attributed either
to the early Miocene [Dı́az et al., 1987; Grier, 1990], to the
Oligocene [Starck and Vergani, 1996] or even to the late
Eocene [Russo and Serraiotto, 1978; Dı́az and Malizzia,
1983]. These units are overlain by sandstones, siltstones,
and conglomerates, deposited in a foreland setting, begin-
ning at 14.5 Myr to about 2 Myr (Angastaco, Palo
Pintado, and San Felipe formations) [e.g., Dı́az and
Malizzia, 1983; Dı́az et al., 1987; Dı́az and Miserendino
Fuentes, 1988; Grier and Dallmeyer, 1990; Starck and
Vergani, 1996; Coutand et al., 2006; G. Vergani and
D. Starck, Geologı́a del Sur de la Provincia de Salta-parte
II: Estratigrafı́a y evolución tectosedimentaria del Ceno-
zoico entre el Valle Calchaquı́ y Metán, Y.P.F. unpublished
report, 1989, hereinafter referred to as Vergani and Starck,
unpublished report, 1989]. Together, the units of the
Payogastilla Group attain a thickness of 6000 m and were
faulted and folded before about 2 Myr (M. R. Strecker,
unpublished data, 2005). Climatic indicators throughout the
lower part of the stratigraphic section point to dominantly
arid climate conditions [Starck and Anzótegui, 2001],
which were superseded by humid conditions between �9
and �5 Myr, whereas late Pliocene units indicate a return to
arid conditions [Starck and Vergani, 1996; Starck and
Anzótegui, 2001; Coutand et al., 2006; Vergani and Starck,
unpublished report, 1989].
[10] In contrast, climate remained arid in the intramon-

tane basins within the present Puna to the west [Alonso et
al., 1991; Alonso, 1992; Vandervoort et al., 1995, Alonso et
al., 2006]. From the occurrence of thick evaporites,
Vandervoort et al. [1995] deduced the existence of
internal drainage on the southern Puna and hence uplift
of the eastern plateau margin by no later than 15 Myr that
acted as an orographic barrier to moisture-bearing easterly
winds. On the basis of provenance studies, Coutand et al.
[2006] suggested that a drainage divide already existed to
the north and northwest of the Angastaco basin by middle
Miocene time. Limited published paleocurrent data indi-
cate that sediments deposited in the Angastaco basin were
derived from western to northwestern sources [Salfity et
al., 1984; Dı́az and Miserendino Fuentes, 1988; Starck
and Anzótegui, 2001; Coutand et al., 2006]. In the Pliocene,
a shift to westward transport directions occurred, accompa-
nied by a change in provenance and increasing aridification
in the Angastaco basin, suggesting that at that time a new
orographic barrier, the Sierra de los Colorados, was uplifted
east of the Angastaco basin [Starck and Anzótegui, 2001;
Coutand et al., 2006]. The successive eastward building of

Figure 3. Radial plots and track length histograms for all vertical transects. Sample locations are indicated by white
circles in the DEM of the southern central Andes. Data are from the SRTM 90 m square grid DEM. The dashed line
demarcates the boundary between the internally drained Puna Plateau and the foreland that drains to the east. For all
samples that passed the c2 test, the pooled age is reported; for samples with P(c2) < 5% the central age is used. Error is
±1s. For abbreviations of sample locations, see Figure 1a; further abbreviations are as follows: Ab, Arizaro basin; Acon,
Sierra Aconquija; Ang, Angastaco basin; CR, Sierra de Chango Real; Cum, Cumbres Calchaquı́es; Gal, Cerro Galán; Lur,
Cumbres de Luracatao; Mar, Santa Marı́a basin; Nev, Nevado de Cachi; SC, Sierra Quilmes; SdC, Sierra de los Colorados;
SRT, Sierra Santa Rosa de Tastil; n is the number of individual tracks measured or individual crystals dated; SD is the
standard deviation of the mean track length.
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these orographic barriers, condensing Atlantic-derived mois-
ture along their eastern flanks, accounts for the climatic
changes in the Angastaco region [Starck and Anzótegui,
2001; Coutand et al., 2006].

3. Fission Track Dating

3.1. Methodology

[11] The AFT dating method records the cooling of rock
suites below temperatures of �110�C [Green et al., 1989a,
1989b]. The use of this method relies on the fact that fission
tracks form at a constant rate and are subsequently short-
ened and may eventually disappear in response to elevated
temperatures. As a result, the track length distribution is a
sensitive monitor of a crystal’s thermal history. Significant
fission track annealing occurs in a temperature interval
between �60 and 110�C, the partial annealing zone
(PAZ); at significantly higher temperatures, annealing is
geologically instantaneous. Annealing strongly depends on
the kinetic characteristics of the apatites, reflected in the
etch pit diameter (Dpar) [Donelick et al., 1999; Ketcham et
al., 1999]. Apatites with large etch pit diameters are
regarded as having higher thermal stabilities and hence
higher total annealing temperatures than apatites with
smaller etch pits [Ketcham et al., 1999]. Thermal modeling
provides a quantitative evaluation of the annealing behavior
of a specific sample [e.g., Ketcham et al., 2000].
[12] AFT data from exhumed basement rocks can be

subdivided into two general groups, depending on the
maximum temperature the sample was exposed to just prior
to exhumation, the cooling rate and the kinetic characteristics
of the apatite [e.g., Green et al., 1989a]. Samples that
cooled rapidly from temperatures exceeding the total
annealing temperature (TA, �110�C) [Ketcham et al.,
1999] have long mean track lengths (MTL) with low
standard deviations, and the apparent AFT age dates the
cooling event [e.g., Gleadow et al., 1986]. On an age-
elevation plot the fission track ages from a vertical profile
will plot on a more or less straight line, illustrating the rapid
cooling history of the rocks [e.g.,Fitzgerald et al., 1995]. The
slope of this line is the apparent exhumation rate. Reduced
MTLs combined with higher standard deviations can be
attributed to slow continuous cooling or to a reheating event
due to reburial, where the maximum temperature the sample
experienced was insufficient to reset the AFT clock. For
moderately annealed samples (MTL > �10 mm), the age
reduction is proportional to the track length reduction [Green,
1988]; accordingly, corrected ages may yield rough estimates
of the time the sample cooled below TA, but are often
inadequate for samples with more complex thermal histories.
[13] For age determinations, �20 good quality grains per

sample were selected at random and dated. For apatite track
length analysis, 100 horizontal confined tracks and the angle
between each track and the crystal’s c axis were measured in
each sample, provided 100 were present. To characterize the
annealing properties of the apatites [Donelick et al., 1999,
Ketcham et al., 1999], four Dpar measurements were aver-
aged from each analyzed crystal. Following convention, all
statistical uncertainties on ages and MTLs are quoted at

the ±1s level, but ±2s uncertainties are taken into account
for geological interpretations.

3.2. Analytical Results

[14] The mainly granitoid samples were collected along
vertical profiles that extend from the base to the crest of the
mountain range, spanning as much vertical distance as
possible. All 21 samples analyzed in this study are mono-
compositional, as indicated by the low standard deviations
of the Dpar values (0.05–0.10 mm), but considerable differ-
ences between samples occur (Table 1).
[15] The two dated samples from Sierra de Macon

(MAC) (Figure 1a), with 370 m vertical distance between
them, are characterized by early Jurassic ages (189 ± 11
and 198 ± 12 Myr), significantly shortened MTLs (11.6 ±
0.2 and 11.9 ± 0.2 mm), and similar Dpar values of about
2.24 mm (Table 1 and Figures 3 and 4). Simple corrections
for track length reductions yield Middle Triassic ages (236
and 242 Myr).
[16] Eleven analyzed samples from Complejo Oire (CO)

and Valle Luracatao (VL) from the western and eastern
flank of the Cumbres de Luracatao, respectively (Figure 2),
provide a 2450 m vertical profile. Plotting AFT age versus
elevation (Figure 4), a straight line can be fit through all
data points except samples CO7 and CO1, yielding an
apparent exhumation rate of 0.5 mm/yr for the time interval
between 20 ± 1 and 16 ± 1 Myr. Sample CO7 is not only
notably older (56 ± 2 Myr) but also shows a shortened MTL
of 12.4 ± 0.2 mm, suggesting that this sample is partially
reset (Table 1 and Figure 3). In contrast, most other samples
have longer MTLs between 12.8 and 14.2 mm and a limited
age distribution between 16 ± 1 and 20 ± 1 Myr (Table 1
and Figures 3 and 4), indicating rapid cooling. Dpar values
range between 1.99 and 2.25 mm, pointing to fairly similar
chemical compositions (Table 1). Only two samples have
slightly divergent ages. The higher Dpar (2.32 mm) of
sample CO1 suggests a higher annealing resistance. This,
and/or the low apatite quality could account for its older
age (26 ± 2 Myr). Sample VL13, the only sample failing the
c2 test (likely due to poor apatite quality), yielded a central
age of 13 ± 2 Myr from only nine countable grains, and
hence has low precision. The overall pattern of the vertical
profile suggests exposure of a Cenozoic PAZ in the upper
part and that exhumation started before 20 Myr. The
apparent exhumation rate of 0.5 mm/yr would lead to an
unreasonably thick section of removed material if rapid
exhumation had continued up to the present; the data
suggest that the rate decreased after �16 Myr.
[17] Only one sample from Nevado de Cachi (CA)

(Figure 2) could be dated, due to the overall low quality
of the apatites. As the pooled age of 15 ± 2 Myr is
calculated from only nine countable grains and no lengths
could be measured (Table 1 and Figures 3 and 4), the
precision and hence the geological meaning of this sample
are uncertain. The high Dpar value (2.30 mm) points to
thermally resistant apatite.
[18] At the range 10 km south of the village Colome

(COL) (Figure 2), two analyzed samples spanning a 400 m
vertical distance show sharply contrasting AFT results. The
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topographically higher sample COL5 yields a central age of
162 ± 6 Myr and a high Dpar value of 2.34 mm (Table 1 and
Figures 3 and 4); the significantly shortened MTL of 11.3 ±
0.2 mm due to a longer residence in the PAZ may account
for the sample failing the c2 test. Correction for track length
reduction yield a latest Triassic age (208 Ma). For sample
COL2 a pooled age of 17 ± 1 Myr, a much lower Dpar value
of 1.92 mm and a MTL of 13.2 ± 0.2 mm were measured
(Table 1 and Figures 3 and 4), suggesting that it is
completely reset.
[19] Four samples from a 500 m vertical transect at

Cerro Durazno (CD) (Figure 2) yield apparent ages between

69 ± 2 and 95 ± 3 Myr; a sample collected from a range
�3 km to the east yields an age of 52 ± 3 Myr (Table 1
and Figures 3 and 4). The narrowDpar distribution between
2.16 and 2.24 mm indicates monocompositional apatite.
Significantly shortened MTLs between 10.9 ± 0.2 and
11.5 ± 0.2 mm are indicative of partial annealing that leads
to mixed single grain ages; consequently, three of the
samples fail the c2 test. Corrections for track length reduc-
tions yield exclusively middle Cretaceous ages (88 to
124 Myr). The lack of a systematic relationship between age
and elevation (Figure 4) may be due to faults separating
CD53 and CD95 from the three central samples; indeed,

Figure 4. Summary of apparent AFT ages, plotted against sample elevation. The samples on the left
side of the diagram (shaded area) are completely reset, whereas all samples on the right side are partially
reset, suggesting that these samples resided in the PAZ for a longer time. The combination of partially and
completely reset samples in two of the vertical profiles suggests that exhumation started before 20 Ma
(CO/VL profile) and 19 Myr (COL profile). Error bars indicate 1s error. For sample locations and
abbreviations, see Figures 1a, 2, and 3.
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there is an important Neogene reverse fault between CD53
and the remaining samples (Figure 2).

4. Thermal Modeling

4.1. Methodology

[20] Track length modeling helps resolve the thermal
history of a sample. The AFTSolve program of Ketcham
et al. [2000] is based on the annealing model of Ketcham et
al. [1999]. This model includes the projection model of
Donelick et al. [1999] that allows for track length anisotro-
py with respect to the crystallographic axis of the apatite.
AFTSolve permits forward modeling using single grain
ages, track lengths, the angle of the confined tracks to the
c axis, and Dpar values. Donelick et al. [2005] encourage
workers interested in using Dpar to conduct careful cross
calibrations to compensate for subtle but inevitable varia-
tions in measurement equipment and procedures. Therefore
our Dpar values were calibrated using a linear correction
factor of 0.87, calculated by comparing Dpar measurements
of two age standards (Durango and Fish Canyon Tuff) with
those of Ketcham et al. [1999] [Sobel and Seward, 2006].
As annealing depends more on temperature than on time
[Green et al., 1989b], track length modeling can provide
good constraints on both the TA and the peak temperature a
particular sample experienced during reheating. The time-
temperature path (t,T path) prior to reheating as well as the
timing and duration of reheating are less well constrained.
However, totally reset samples from the same vertical
profile can define the timing of final cooling.
[21] To convert t,T paths into spatial information either

the prevailing paleogeothermal gradient or heat flow densi-
ties and thermal conductivities of the rock types must be
known. Information on the present thermal state of the crust
in the study area are scarce. Extrapolation from heat flow

densities of about 80 mW/m2, typical for the Bolivian
Eastern Cordillera [Springer and Förster, 1998], suggests
similar values for the region of the southern Eastern
Cordillera. These values could be even higher due to
Miocene volcanism and to thinned lithosphere beneath the
Argentine Puna since the Pliocene [Allmendinger et al.,
1997; Kay et al., 1994; Whitman et al., 1996]. However,
since changes in surface heat flow density develop over time
[e.g., Babeyko et al., 2002], heat flow values could also have
been lower in the Miocene. From all thermal models of the
CO/VL vertical profile, a paleogeothermal of 18 ± 8�C/km
at 16/15 Myr was determined (see section 4.2). All of the
sampled ranges consist of basement rocks that are likely to
have relatively high thermal conductivities between 3.0 and
4.0 W/(mK) [Blackwell and Steele, 1988]; therefore heat
flow densities between 50 and 80 mW/m2 seem to be
reasonable values for the entire cooling interval. For most
sample locations it is likely that the basement rocks were
reburied by Cenozoic sediments with much lower thermal
conductivities. A reasonable candidate for the sedimentary
cover is the base of the Payogastilla Group, composed
mainly of coarse- to fine-grained sandstones and siltstones
[Dı́az et al., 1987]. Therefore the thicknesses of the over-
lying strata will be calculated with a thermal conductivity of
2.0 W/(mK), assumed for a sandstone bulk composition
[Blackwell and Steele, 1988], and for heat flow densities of
80 and 50 mW/m2. Bedrock thicknesses will be based on
the calculated 18�C/km geothermal gradient.
[22] For samples that yielded robust AFT data, thermal

histories were modeled with c axis projected length and
corrected Dpar values. Using the Monte Carlo random
search, each model run had 10000 iterations with monotonic
path segments and four half segments between adjacent
constraints. Heating and cooling rates were not constrained.
For details about the incremental modeling approach, see
Table 2.

Table 2. Description of the Incremental Modeling Approacha

Sample

First Constraint Second Constraint 3rd Constraint

Time Range,
Myr

T Range,
�C

Time Range,
Myr

Shifting Increments,
Myr

T Range,
�C

Time Range,
Myr

Shifting
Increments, Myr

T Range,
�C

CO7 120 60–200 45–25 5 20–150 25–21 0.1 70–150
COL5 260 60–200 80–30 10 20–150 30–19 0.1 60–150 and 70–150
CD90, 92 180 60–200 49–20 1 20–150 30–4 1 20–150
CD53, 87, 95 140 60–200 20–150
CO1, 4, 6, 8, 30–15b 60–200 - -
VL4, 8, 10, 12 60–200
and COL2 60–200

aDetails about time and temperature ranges of the constraints used in the incremental modeling approach. All models were started at times approximately
1.5X greater than the apparent AFT age, with a temperature range between 60 and 200�C, such that all tracks initially formed could be completely annealed
(first constraint). The final constraint was the present surface temperature of 20�C. For samples where the AFT data indicate rapid cooling (CO1, 4, 6, 8,
VL4, 8, 10, 12 and COL2), 15 model runs with two constraints were performed, shifting the first constraint in 1 Myr increments from 30 to 15 Myr. To
resolve the more complex thermal history of the remaining samples (CO7, COL5 and all CD samples), more model runs were required using two additional
constraints. These allowed an early cooling (second constraint) followed by a late stage reheating event (third constraint), consistent with the Cenozoic
depositional history. The temperature limits of the second constraint were loose (20–150�C), whereas for samples CO7 and COL5 the third constraint
enforced minimum temperatures appropriate to the temperature of the topographically lower sample (CO6 and COL2, respectively). Final constraint is
20�C at 0 Myr for all models.

bConstraint shifted in 1 Myr increments.
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[23] AFTSolve offers a range of solutions which are
consistent with the observed data. For every model run
the program determines the best fit as well as the boundaries
of the good fit and the acceptable fit solutions. Good fit
solutions are supported by the data, acceptable fit solutions
can not be excluded by the data [Ketcham et al., 2000]. The
quoted time ranges of cooling and reheating intervals
summarize the good fit boundaries of all selected models
for each sample (Tables 3 and 4). These time frames will be
broad for partially annealed samples, so the quoted intervals
may apparently overlap. Modeling results including details
about the oldest tracks and TAs are summarized in Tables 3
and 4.
[24] Perturbations of isotherms due to topography [e.g.,

Safran, 2003] were considered to have had no significant
influence on the cooling paths of the samples, because there
was almost no relief when late exhumation started disrupt-
ing the Oligocene sedimentary basin, and only �2 km of
rapid exhumation occurred, during which time the AFT ages
were set. Advection of the isotherms as a consequence of

thrusting [e.g., Brown and Summerfield, 1997; Mancktelow
and Grasemann, 1997] was not taken into account, since
transient models of the thermal structure of the crust would
introduce more complexity than is warranted by the mod-
eled data.

4.2. Modeling Results

[25] Modeling could not constrain the thermal history of
the two Sierra de Macon samples, due to the lack of
additional information about the geological context. Almost
all combinations of constraints yielded good fit models (not
shown); ages of the oldest modeled track range between 288
and 272 Myr for most of the models.
[26] Seven of the nine samples from Complejo Oire and

Valle Luracatao with sufficient data for modeling yielded
model runs with good fit results (VL4, 8 and 10, CO1, 4, 6
and 7; Tables 3 and 4 and Figure 5a); the diverging results
of sample CO1 were not taken into account because of the
poor apatite quality of this sample. All thermal models of
the five structurally lower samples, performed with two
constraints (Table 2), confirm the rapid cooling indicated by
the AFT data (Figure 5a); ages of the oldest tracks increase
toward the top of the profile (Table 3 and Figure 5a).
Between 15 and 16 Myr all thermal models show a break
in the t,T path, where cooling rates decrease (Figure 5a); the
initial high cooling rate is also visible in the age-elevation
plot (Figure 4). The drop in cooling rates is unlikely to be a
modeling artefact, because all model runs had four half
segments between adjacent constraints and hence the t,T
paths were not fixed. In addition, inflections in the cooling
path should occur at the same time for all samples, as no
major faults dissecting the vertical profile were observed.
[27] The late stage cooling history of the partially

annealed sample CO7 is defined by the t,T path of the
topographically lower sample CO6. Assuming a paleogeo-
thermal gradient of 18�C/km, the vertical distance of 280 m
between sample CO6 and sample CO7 results in a temper-
ature difference of �5�C. At 22–21 Myr, the lower good fit
boundary of sample CO6 is 108�C, hence sample CO7
should have experienced a minimum temperature of
�103�C at that time, and should have started to cool by

Table 3. Summary of Thermal Models for the CO/VL Profile and

of Sample COL2a

Sample
Oldest Track,

Myr TA, �C
T at Inflection

Point, �C
Number of

Models Analyzed

CO7 92–72 98–118 48–62 76
CO6 22.2–20.7 119–129 42–66 8
CO4 21.6–20.0 120–132 48–98 10
CO1 27.3–26.3 130–147 25–59 4
CO8b

VL12c

VL10 19.0–17.5 115–125 61–114 11
VL8 21.0–19.1 103–126 72–108 11
VL4 20.6–17.9 120–138 87–120 11
COL2 23.0–19.0 103–128 - 10

aFor the temperature ranges at the inflection point (15/16 Myr), the
minimum and maximum good fit boundaries are quoted; the total annealing
temperature (TA) is indicated by the temperature of the best fit at the oldest
track of each model.

bNo acceptable fits.
cNo good fits.

Table 4. Summary of Thermal Models of Partially Annealed Samplesa

Sample

CO7 COL5 CD95 CD92 CD90 CD87 CD53

Oldest track, Myr 92–72 260–238 130–116 179–145 173–136 103–93 93–87
TA, �C 98–118 97–130 103–127 94–123 94–118 100–125 109–120
Resides at high temperatures until, Myr 55–40 150–90 118–110 120–85 120–80 - -
First cooling until, Myr 35–22 80–40 95–50 60–40 65–48 85–50 80–50
Start of reheating, Myr 30–22 70–30 50–25 50–30 50–28 50–25 50–30
Peak of reheating, Myr 24–21 30–19 29–8 30–3 20–5 25–4 28–7
Peak reheating T, �C 70–85 69–95 73–100 73–101 74–102 82–99 87–113
Start of final cooling, Myr 22.5–21 25–19 19–3 12–3 12–4 12–3 20–7

aThermal models of partially annealed samples suggest a reheating event caused by Andean foreland basin strata. The quoted time frames of cooling and
reheating intervals summarize the good fit boundaries of all models for each sample; the possible time frames for partially annealed samples are broad, and
therefore the quoted intervals may overlap. For the temperature ranges the minimum and maximum best fit values are quoted.
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no later than 21 Myr. The shortened MTL of sample CO7
(Table 1 and Figure 3) requires slow cooling and/or a late
stage reheating event. Models with two constraints allowing
slow cooling yielded good fits only for temperatures �65�C
at 22–21 Myr, which is in marked contrast to the expected
results and precludes a simple cooling path of sample CO7.
In order to better match the predicted temperatures, a series
of models using four constraints were performed (Table 2).
These allowed an early cooling (second constraint) followed
by a late stage reheating event (third constraint), consistent
with the Cenozoic depositional history discussed above. All
three-stage cooling histories of sample CO7 are character-
ized by very slow cooling prior to 55–40 Myr, when rapid
cooling commences (Figure 5a and Table 4). Initial cooling
continues until 35–22 Myr, subsequent reheating starting at
30–22 Myr reaches peak temperatures of 70–85�C (best fit
temperatures) between 24 and 21 Myr. At this time, the
upper acceptable fit boundaries reach temperatures up to
104�C, and the ultimate cooling starts at 22.5–21 Myr,
suggesting that samples CO6 and CO7 indeed share a
common thermal history. However, a minor fault between
the samples with �550 m (�10�C) of vertical offset seems
likely. Plotting the temperatures of the good fit boundaries
of all six samples against sample elevation yields a
paleogeothermal gradient of 18 ± 8�C/km at 16–15 Myr
(Figure 5b).
[28] Since reheating is caused by reburial, the drop in

cooling rates at 16–15Myrmay reasonablywell be explained
by a change in erodibility in the course of the exhumation
history (see section 5.5). The peak reburial temperature of
sample CO7 (70–85�C) (Table 4) results from an overlying
rock column composed of Cenozoic sediments and basement
rock; the respective portions can be estimated using the
inflection point in the cooling path at 16 – 15 Myr
(Figure 5a). The initial high cooling rate, likely caused by
rapid removal of young, easily eroded sediments with low
thermal conductivities, will decrease when more resistant
bedrock with higher thermal conductivities is exposed [Sobel
and Strecker, 2003, and references therein]. Therefore the
difference between the peak reheating temperature (70–85�C)
and the temperature at the inflection point (45–72�C) likely
represents the removed sedimentary cover, whereas the
difference between the temperature at the inflection point
and the mean surface temperature (20�C) corresponds to the
basement part. Analyzing individual best fit t,T path of 76
thermal models yields a thickness for the sediment column of
150–900 m and 200–1400 m for heat flow densities of 80
and 50 mW/m2, respectively (Table 5). For a geothermal
gradient of 18�C/km a thickness of the basement column of

1400–2600 m was calculated. Since 400 m of basement are
preserved between sample CO7 and the crestal elevation,
1000–2200 m of basement have been completely removed
by erosion. These estimates neglect unsteady heating behav-
ior caused by rapidly deposited sediments [e.g., Deming et
al., 1990]. Such effects could reduce the amount of reheating
and thereby increase the thickness of eroded sediments.
Alternatively, advection of isotherms as a consequence of
rapid erosional exhumation would lead to a decrease in the
calculated thickness of eroded basement. In summary, esti-
mates for the thickness of the total removed section range
between 1600–2500 m and 2000–2800 m for the high and
low heat flow density cases, respectively (Table 5). These
values imply a mean denudation rate of 0.1 mm/yr for the
entire cooling interval (Table 5).
[29] The sharply contrasting results of the two Colome

samples could reflect differences in the kinetic behavior of
the apatites, indicated by the different Dpar values, as well as
displacement of the two samples by faults, although none
were observed in the field. For sample COL2 the same
modeling strategy as for the structurally lower CO/VL
samples was used (Table 2). Rapid cooling started at 23–
19 Myr (Figure 6a); at that time, the lower good fit boundary
is 95�C. Assuming a common thermal history for the two
samples, the minimum temperature sample COL5 experi-
enced between 23 and 19 Myr should be �90�C, due to the
400 m vertical distance between the two samples and a
geothermal gradient of 18�C, and sample COL5 should have
started to cool by no later than 19 Myr.
[30] The significantly shortened MTL of sample COL5

(Table 1 and Figure 3) suggests a reheating event caused by
Cenozoic deposits. In addition, models with two constraints
neglecting reheating did not yield good fit results. Therefore
a series of thermal histories were modeled using a similar
four-constraint approach as for sample CO7 (Table 2).
Several models yielded appropriate good fit results with
temperatures up to 95�C between 23 and 19 Myr
(Figure 6b), corroborating the hypothesis that the thermally
resistant apatites of sample COL5 are responsible for the
discrepant apparent ages. In all of these models the sample
resides at high temperatures until 150–90 Myr (Figure 6b
and Table 4). Faster cooling (from 150 to 90 Myr on) lasts
until 80–30 Myr in the different models. Beginning of
reheating is possible between 70 and 30 Myr, reaching
peak temperatures of 69–95�C between 30 and 19 Myr;
final cooling commences between 25 and 19 Myr.
[31] Unlike the data for Cumbres de Luracatao, at

Colome there is no data that allows us to differentiate
between the portion of cooling due to removal of bedrock

Figure 5. (a) Representative AFTSolve models for the Complejo Oire and the Valle Luracatao samples. See Table 2 for
modeling details. The top sample CO7 reveals a complex three-stage thermal history. Initial very slow cooling is
superceded by enhanced cooling between 55 and 22 Myr. Subsequent reheating due to reburial by Andean foreland basin
strata with peak temperatures of 70–87�C between 24 and 21 Myr reset the AFT ages of all structurally lower samples.
Cooling of sample CO6 constrains the onset of Andean deformation-driven exhumation at 22.5–21 Myr. High cooling rates
at the beginning of the ultimate exhumation can be attributed to rapid removal of overlying young sediments with low
thermal conductivities. The decrease of cooling rates at 16–15 Myr (indicated by dark gray bars) is related to enhanced
exposure of bedrock with higher thermal conductivities. (b) Modeled paleotemperatures of all CO and VL samples at
16/15 Myr, plotted against sample elevation, yielding a paleogeothermal gradient of 18 ± 8�C/km.
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Table 5. Thicknesses of the Removed Rock Column, Calculated for Different Heat Flow Densitiesa

Heat Flow Density, mW/m2

Number of
Models Analyzed

Sediment
Column, m

Mean Denudation
Rate, mm/yr

80 50 80 50

CO7 150–900 200–1400 76
CO7b 1600–2500 2000–2800 0.1
COL5 1350–1900 2150–3000 0.1 97
CD95 1200–2400 1900–3800 0.2 0.4 94
CD92 1100–1850 1750–2950 0.2 0.3 87
CD90 1100–1700 1700–2750 0.2 0.3 78
CD87 1050–1650 1650–2650 0.2 0.4 82
CD53 1450–2150 2350–3450 0.2 0.3 74

aThicknesses of the rock columns that were removed from the sample locations and erosion rates were calculated by
analyzing individual best fit time-temperature paths of each sample. For rock columns the attained minimum and maximum
values are quoted in 50-m bins, and mean values are quoted for denudation rates. To calculate basement thicknesses, a
geothermal gradient of 18�C/km was assumed, for sediment thicknesses a thermal conductivity of 2.0 W/mK and heat flow
densities of 80 and 50 mW/m2 were used.

bTotal eroded rock column.

Figure 6. Representative AFTSolve models for the two Colome samples. For modeling details see
Table 2; the key is the same as in Figure 5a. Note different age scales of the two models. (a) Exhumation
during Andean deformation is defined by the completely reset sample COL2, and commenced between
23 and 19 Myr. (b) Initial cooling of sample COL5 is related to exhumation by normal faulting in Early
Cretaceous time (Salta Rift), followed by reheating due to reburial beneath Andean foreland basin strata,
peak reheating temperatures range between 70 and 90�C.
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and sediment. Analyzing 97 individual best fit t,T paths
suggests that, in the case where no basement was removed,
a sediment column of 1350–1900 m and 2150–3000 m (for
heat flow values of 80 and 50 mW/m2, respectively) was
eroded at a mean rate of 0.1 mm/yr (Table 5). The calculated
proportion of sediment will decrease with increasing
amount of basement, while the typical difference in thermal
conductivities between these two lithologies implies that the
total thickness of the rock column and, hence the erosion
rate will increase.
[32] The relatively high Dpar value (2.30 mm) of the

15 Myr Nevado de Cachi sample suggest a high TA;
therefore a relatively thick section of overlying rock was
required to reset the sample.
[33] All samples from Cerro Durazno are characterized

by shortened MTLs (Table 1 and Figure 3), suggesting
reburial by Cenozoic sediments. Models neglecting such a
reheating event did not yield good fits. Unfortunately, no
additional information about the time of final cooling from
totally reset samples from the same vertical profile was
available. A series of models with four constraints was
performed with a broad range of possible time and temper-
atures frames (Table 2). Good fit model results were
obtained from all five samples, all of them show comparable
t,T paths (Figure 7 and Table 4). Early cooling from high
temperatures commences between 130 and 80 Myr, and
continues until 95–40 Myr in the different models. Begin-
ning of reheating is possible between 50 and 25 Myr; peak
reheating between 30 and 3 Myr reaches similar temper-
atures of 73–113�C for all samples. Final cooling may have
started between 20 and 3 Myr; however, the most likely
time is between 12 and 7 Myr, when the models of all
samples overlap. In summary, the Cerro Durazno section
shows Cretaceous cooling modified by reheating due to
reburial beneath a Cenozoic sedimentary basin.
[34] As with sample COL5, the rock column that was

removed from above Cerro Durazno was assumed to be
composed merely of sediment, except for the basement

remnants preserved above the samples, which yield a
minimum amount for the basement thickness. Therefore
the vertical distances between the samples and the crests of
the range were converted into temperature, assuming a
geothermal gradient of 18�C/km, and using a crestal eleva-
tion of 3.7 km for sample CD53 and of 3.5 km for the
remaining samples. The resulting temperatures and the
mean surface temperature were subtracted from the modeled
peak reheating temperature (410 best fit t,T paths). The
residual temperature implies that Cerro Durazno was for-
merly overlain by a 1050- to 2400-m-thick and 1650- to
3800-m-thick sediment column that experienced a mean
denudation rate of 0.2 and 0.2–0.4 mm/yr (for heat flow
values of 80 and 50 mW/m2, respectively) (Table 5).

5. Discussion

[35] On the basis of our thermochronological data com-
bined with geological information and published AFT data
we propose a model for the tectonic development of the
region of the present-day Puna and Eastern Cordillera at
25�S in four main steps (Figure 8): (1) Mesozoic-Paleocene
extension, (2) Eocene-Oligocene deformation, (3) reburial
by Andean foreland basin strata, and (4) Neogene exhuma-
tion during eastward propagating deformation.

5.1. Mesozoic-Paleocene Extension

[36] The old ages from Sierra de Macon may reflect an
early, so far poorly known tectonic event in the region of the
Salar de Arizaro basin in the Puna, possibly related to the
Jurassic back-arc basin in Chile or even to a preceding
Permo-Triassic transtensional rift stage [Uliana and Biddle,
1988]. The evolution of the Salta Rift is documented in the
early thermal histories of the CD and COL5 samples
(Figures 6, 7, and 8a). The onset of early cooling of the
CD samples, between about 130 and 80 Myr, coincides with
the early synrift phase in the Brealito subbasin [Marquillas

Figure 7. Representative AFTSolve model (CD95) for the Cerro Durazno samples. For modeling
details, see Table 2; the key is the same as in Figure 5a. All of the Cerro Durazno samples have
comparable thermal histories: The early, rift-related cooling history is similar to that of sample COL5;,
reburial by Andean foreland basin strata commenced about in the same time interval (50–25 Myr),
reaching similar peak temperatures (73–113�C), whereas the final cooling commenced definitively later
(between 12 and 7 Myr) as at Cumbres de Luracatao and at Colome.
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et al., 2005]. Horizontal extension during rifting was
probably compensated by listric normal faulting and block
tilting, leading to exhumation of the CD samples (Figure 8a).
Postrift thermal relaxation may have contributed to continuous
cooling, which is possible until 95–40 Myr. The range at
Colome constituting the present eastern Puna margin was
exhumed during approximately the same time interval from
150–90 Myr to 80–40 Myr (Table 4 and Figure 6b). This
range was most likely part of the rift margin (Figure 1b),
since synrift Pirgua deposits are only preserved on the
basinward, eastern side of the range (Figure 2), and exhu-
mation was accomplished by normal faulting along the main
rift-bounding fault (Figure 8a). Consequently, the Cumbres
de Luracatao were also part of the rift margin. The early very
slow cooling of sample CO7 (from 90–76 Myr to 55–
40 Myr) could be related to headward erosion of the rift
shoulder and/or postrift thermal relaxation. Final filling of the
rift basin during the postrift stage (Figure 8b), which was
completed in the middle Eocene [Mon and Salfity, 1995],
could have had some influence on the thermal histories of the
Colome and Cerro Durazno samples, since reheating in the
models is possible from 70 Myr and 50 Myr onward,
respectively, although postrift strata are not preserved in the
Brealito subbasin. This evolution of basement blocks formerly
associated with rift shoulder exhumation of the Salta Rift is
compatible with a similar Cretaceous history reflected in
AFT data for the now exposed basement rocks of the Sierra
de Quilmes and Cumbres Calchaquı́es in the northern Sierras
Pampeanas [Sobel and Strecker, 2003; Mortimer et al.,
2006].

5.2. Late Eocene-Oligocene Deformation

[37] In all thermal models of sample CO7, enhanced initial
cooling commenced at about 55–40 Myr and lasted until
�35–22 Myr (Figure 5a). Although this cooling phase is
manifest only in the thermal models of the least exhumed
sample from the Complejo Oire, it likely reflects a major
tectonic event in the eastern part of the present-day Andes,
since it coincides with fast exhumation at other localities in
the Argentine Eastern Cordillera [Andriessen and Reutter,
1994; Coutand et al., 2001] and beginning of exhumation by
40–36 Myr in the central Eastern Cordillera of southern
Bolivia [Ege et al., 2006]. A fission track grain age population
of 40.2–20.6 Myr in detrital apatites from the adjacent
Angastaco basin suggests a late Eocene/Oligocene defor-
mation episode in the present southern Eastern Cordillera
[Coutand et al., 2006]. This interpretation is furthermore
corroborated by the intense erosion of the upper Pirgua
Subgroup in the Brealito subbasin [Boso et al., 1984], and
the geometry of the unconformity demarcating the Andean
foreland basin strata in the Angastaco region [Grier et al.,
1991]. The angle of the unconformity decreases from 27�
west of Angastaco to 2–3� in the Tonco valley to the east,
suggesting that uplift of the southern Salta Rift basin not only
predated deposition of the Payogastilla Group, but also that
uplift, at least in the westernmost part of the Angastaco basin,
was associated with deformation [Grier et al., 1991]. Because
horizontal crustal shortening in late Eocene-Oligocene time is
documented for different places on the Puna plateau

[Kraemer et al., 1999; Adelmann, 2001; Coutand et al.,
2001; Carrapa et al., 2005], it is probable that the tectonic
event responsible for exhumation in the Eastern Cordillera is
of similar nature. Hence early exhumation at Complejo Oire
was likely driven by thrust-faulting and subsequent erosional
unroofing in the hanging wall (Figure 8c). The relief resulting
from this early shortening phase was probably moderate,
since the topographic high was subsequently beveled and the
area was later reburied beneath Andean foreland basin strata
(Figure 8d).

5.3. Reburial by Andean Foreland Basin Strata

[38] At Sierra de Macon, a small amount of reburial by
Cenozoic strata is possible, but reheating was insufficient to
reset the AFT ages. Sedimentary reburial may have started
between 70 and 30 Myr at Colome (Figure 6b and Table 4),
and approximately in the same time interval, between 50
and 25 Myr, at Cerro Durazno (Figure 7 and Table 4). This
burial was thus contemporaneous with late Eocene-
Oligocene deformation documented in neighboring regions.
Early sedimentary deposits above Colome andCerroDurazno
were probably sourced from Complejo Oire and adjacent
domains, erosionally exhumed at that time (Figure 8c).
Reburial commenced somewhat later at Complejo Oire
(30–22 Myr) (Figure 5a and Table 4); this area was the first
to be exhumed in the final deformation phase (Figure 8e) (see
section 5.4). Consequently, the duration and magnitude of
reburial differ between the three sample locations: the thick-
ness of the sedimentary cover calculated for sample COL5
(1350–3000 m) and the CD samples (1050–3800 m) is much
higher than that calculated for sample CO7 (150–1400 m)
(Table 5), although the uncertainties concerning the
magnitude of basement eroded from Colome and Cerro
Durazno preclude a precise comparison. The magnitude
and timing of sedimentary reburial above Complejo Oire
roughly correlate with the thickness (340–600 m) and the
proposed Oligocene age [Starck and Vergani, 1996] of
the Quebrada de los Colorados Formation that is preserved
in the nearby Luracatao and Hualfin/Pucará valleys and in the
Angastaco basin to the east (Figure 2). The strata of this
formation pinch out to the east [Starck and Anzótegui, 2001]
and were interpreted as foreland basin deposits associated
with the late Eocene arc [Russo and Serraiotto, 1978; Dı́az
and Malizzia, 1983] or as the distal part of eastward
prograding alluvial fans related to the Eocene-Oligocene
Incaic orogenic phase [Starck and Anzótegui, 2001]. In an
alternate scenario, deposition of this formation could be
related to an Oligocene foreland basin that may have covered
the basement rocks of all three ranges (Figure 8d). The
coarser, basal part of this formation could also be associated
with Eocene-Oligocene deformation. The basal strata of the
overlying Angastaco Formation, exposed in the Hualfı́n and
Pucará valleys (Figure 2), may have contributed to the
sedimentary cover that had once buried Cerro Durazno
(Figure 8f). However, better age constraints on the Quebrada
de los Colorados Formation combined with provenance data
are needed to further support this interpretation. Comparable
peak reheating temperatures (69–113�C) of all partially reset
samples (Table 4) suggest that these rocks resided at approx-
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imately the same depth range within the Cenozoic PAZ
(Figure 8d).

5.4. Pattern of Neogene Exhumation

[39] The data from Sierra de Macon, situated within the
Puna plateau, point to a long period of protracted thermal
stability with minimal exhumation and tectonic activity
since the Jurassic, whereas the samples from the southern
Eastern Cordillera document a phase of rapid cooling in the
Miocene (Figures 5–7 and 8e–8g). The final cooling of the
samples from Cumbres de Luracatao dates the onset of
Andean deformation at the southern Eastern Cordillera
between 22.5 and 21 Myr (Table 5), thereby defining the
termination of deposition of the Quebrada de los Colorados
Formation (Figure 8e). The ranges in the southern Eastern
Cordillera formed by displacement on reverse and thrust
faults [e.g., Mon and Salfity, 1995; Marrett and Strecker,
2000; Riller and Oncken, 2003]. At Cumbres de Luracatao
this resulted in subsequent hanging wall erosion and hence
cooling of the CO and VL samples. Comparable ages
suggest that exhumation and hence deformation com-
menced about the same time at Colome (23–19 Myr) and
at Nevado de Cachi (Tables 1 and 3). Exhumational
unroofing of these samples continued, while the CD sam-
ples in the basin to the east were continuously heated by
sedimentary reburial (Figures 8e and 8f). Only a broad time
frame could be determined for the onset of final exhumation
at Cerro Durazno, occurring most likely between 12 and
7 Myr (Figure 8g), and thus �10–15 Myr later than at
Cumbres de Luracatao. This timing is corroborated in the
detrital record preserved in the adjacent Angastaco basin by
a concomitant increased contribution of both low-grade
metamorphic constituents and detrital apatites, sourced from
Cerro Durazno [Coutand et al., 2006]. Similarly, in a
petrographic and magnetostratigraphic study of the Payo-
gastilla Group Butz et al. [1995] reported an increase of
sedimentary and metamorphic lithics at about 9.4 Myr. In
agreement with observations at Sierra Aconquija [Sobel and
Strecker, 2003], Sierra de Quilmes [Kleinert and Strecker,
2001], Cumbres Calchaquı́es [Strecker et al., 1989; Bossi et
al., 2001] and in the Angastaco Basin [Dı́az and Malizzia,
1983; Coutand et al., 2006], we propose that Neogene
exhumation in this part of the southern central Andes

Figure 8. Schematic model for the development of the
Cachi area, from rifting in the early Cretaceous and the
subsequent development from a late rift and foreland basin
setting to late Cenozoic construction of the southern Eastern
Cordillera. Note that sample locations were projected onto a
schematic E-W oriented structural profile. The black dots
indicate sample positions. Not to scale. For sample locations
and abbreviations see Figures 1, 2, and 3. (a) Synrift stage.
(b) Postrift stage. (c) Late Eocene–Oligocene horizontal
shortening. (d) Reburial by Andean foreland basin strata.
(e) Onset of final exhumation at Cumbres de Luracatao.
(f) Creation of significant topography at Cumbres de
Luracatao. (g) Deformation propagates eastward, exhuma-
tion at Cerro Durazno.
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propagated eastward, from Cumbres de Luracatao (between
22.5 and 21 Myr) and Colome (23–19 Myr) to Cerro
Durazno (about 12–7 Myr) (Figures 1a and 2). Increasing
magnitudes of burial from west to east suggest that, as the
deformation front migrated, the basin depocenter also
shifted eastward. Preliminary data from the Cobres Granite,
a range north of Cumbres de Luracatao (Figure 1a) that was
exhumed by no later than 25 Myr [Deeken et al., 2005]
suggest that deformation may also have propagated from
north to south.
[40] The magnitude of Miocene exhumation is similar for

all partially reset samples, since the calculated total removed
section is approximately the same for the three sample
locations: 1600–2800 m for Complejo Oire, 1350–3000 m
for Colome, and between 1050 and 3800 m for Cerro
Durazno (Table 5). In contrast, calculated mean erosion
rates differ between Cerro Durazno (0.2–0.4 mm/yr), and
Complejo Oire and Colome (0.1 mm/yr) (Table 5). These
disparities may be related to increased humidity between
9 and 5 Myr in the Angastaco area and in the Santa Marı́a
Basin to the south, documented by a significant change in
paleoenvironment from arid to humid conditions [e.g.,
Kleinert and Strecker, 2001; Starck and Anzótegui, 2001;
Alonso et al., 2006]. The inferred period of more humid
conditions lasted for a larger proportion of the cooling phase
at Cerro Durazno (33–57%) compared to Complejo Oire
and Colome (17–19%). In addition, the effect of increased
precipitation on erosion rates was apparently stronger at
Cerro Durazno, where it coincided with the removal of
poorly consolidated and readily erodible sediments in the
initial exhumation phase, whereas more resistant crystalline
basement was then being exhumed at Complejo Oire and
Colome.

5.5. Late Cenozoic Landscape Evolution

[41] Combining the exhumation history of the Eastern
Cordillera with sedimentologic, stratigraphic and prove-
nance data from the surrounding region provides informa-
tion on landscape development. In the initial stage of
tectonically driven rock uplift at Cumbres de Luracatao,
variations in erosion rate were mainly controlled by rock
resistance, fault geometry and shortening rate, since climate
remained arid prior to deposition of the basal Palo Pintado
Formation at about 9 Myr [Starck and Anzótegui, 2001;
Coutand et al., 2006]. In the early deformation phase,
young sedimentary rocks could readily be removed
(Figure 8e). Consequently, both exhumation and rock uplift
rates were high, whereas the surface uplift rate likely
remained relatively low (Figure 8e). As increasing amounts
of resistant basement are exposed, exhumation rates de-
crease while surface uplift rates are expected to increase, if
horizontal shortening rates remain steady [cf. Burbank et
al., 1999; Sobel and Strecker, 2003]. Potential effects of a
gradual decrease in convergence rate between the Nazca and
South America plates from about 20 Myr onward [Somoza,
1998] on tectonic activity in this region are difficult to
assess, since the locus of deformation may shift even for
constant relative plate motions.

[42] The Cumbres de Luracatao are oriented normal to
moisture bearing, easterly winds [Haselton et al., 2002].
Surface uplift of the range aided further aridifying the
Puna basins to the west, where vast quantities of non-
marine evaporites were deposited by no later than 14 Myr;
these deposits have been interpreted as reflecting the
formation of an orographic barrier [Vandervoort et al.,
1995]. In analogy with present conditions in NW Argen-
tina, the range crest must have been at least 2000 m by
that time [e.g., Sobel and Strecker, 2003]. The north-south
trending growing barrier must have defeated the former
eastward draining channel network, and thus prevented
influx of the widespread volcanic material from the Puna.
Indeed, volcanic constituents are limited in the sedimen-
tary record of the Angastaco basin to the east [Butz et al.,
1995; Coutand et al., 2006], suggesting that a drainage
divide already existed at �14.5 Myr, when the basal
Angastaco Formation was deposited [Coutand et al.,
2006]. Conglomerate clasts from granitoid and metamor-
phic basement rocks at the base of this formation [Coutand
et al., 2006] could not have been deposited before faulting
exposed resistant basement in the source region. Both
sedimentary petrography and detrital AFT data suggest
that a significant component of the Angastaco Formation
was derived from the Cumbres de Luracatao [Coutand
et al., 2006]. Deposition of basement-derived conglom-
erates in the Angastaco basin corresponds to the decrease
in cooling rates, implying that basement was already
exposed at that time. The time when the orographic
barrier was already established agrees well with the time
when exhumation rates decrease (16–15 Myr) and the
inferred accelerated range surface uplift. Thus the observed
decrease in cooling rates, intensified by the difference in
thermal conductivities of the two rock types, reasonably
well demarcates the generation of significant topography
from 16–15 Myr onward at Cumbres de Luracatao
(Figure 8f).
[43] We infer a comparable history for Nevado de Cachi

farther north. Both ranges, sloping away to the south and
north from median summits, likely initiated as relatively
small structures that were uplifted and gradually lengthened
along strike with increasing amount of crustal shortening.
Remnants of the basal Pirgua Subgroup, directly lying on
basement and preserved at different elevations on the
southern slope of the Nevado de Cachi [Hongn and
Seggiaro, 2001], support the assumption of a lateral, south-
ward directed growth of the ranges. In addition, both ranges
may have coalesced with ranges to the north that were
previously exhumed, as for example the Cobres Granite
(Figure 1a) exhumed by no later than 25 Myr [Deeken et al.,
2005]. Similar to Cumbres de Luracatao, considerable
surface uplift at Cerro Durazno probably postdated the
initial phase of exhumation at 12–7 Myr, and the range
followed a similar growth pattern. Pirgua strata are pre-
served at different elevations on the southern terminus of the
range as well, and the Pucará syncline south of Cerro
Durazno and Cerro Colorado (Figure 2) was most likely
generated by southward propagating growth of the range.
Uplift of these mountains divided the formerly continuous
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basin into the Hualfı́n Basin to the west, and the Pucará and
modern Angastaco Basins to the east. The eastern boundary
of the Angastaco basin, the Sierra de los Colorados, was
uplifted later in the Pliocene (Figure 3) [Starck and
Anzótegui, 2001; Coutand et al., 2006], emphasizing the
eastward propagation of both deformation and range uplift.
[44] An open question concerns the link between the

exhumation history of Cumbres de Luracatao and the
depositional record in the Angastaco basin. One possibility
is that for presently unknown structural reasons, the location
of the basin was bypassed until 14.5 Ma. An alternative
explanation involves the creation of accommodation space
in the basin. Considerable quantities of sediments could not
have accumulated before the throw along the range-bounding
fault and the associated topographic load of the rising
mountain range were great enough to create sufficient
flexural accommodation space. In case of constant horizontal
shortening rates, the time lag between the onset of deforma-
tion and creation of significant surface uplift depends pri-
marily on the thickness of the overlying sediment column, as
well as on climate, and hence on the erosion rate. The link
between rock erodibility, rock uplift, and basin formation
may thus explain the time lag of 6.5–8 Myr between the
onset of cooling at Cumbres de Luracatao and the onset of
sediment accumulation in the adjacent Angastaco basin. In
accordance with observations made by Sobel and Strecker
[2003] we suggest that such temporal lags may be charac-
teristic in compressional tectonic settings where relatively
fine-grained, poorly consolidated strata overlie resistant bed-
rock prior to the onset of range growth.
[45] To the extent that larger topographic loads require

more work for a given increment of horizontal shortening
and rock uplift, shortening as well as rock and surface uplift
rates may diminish as topography grows and the locus of
deformation shifts elsewhere in the range [e.g., Masek and
Duncan, 1998; Sobel et al., 2003]. If erosion in a given
range is inefficient and its topography grows, the increased
load may cause horizontal shortening rates to diminish, or
deformation to shift entirely to a site requiring less work, as
suggested by Hilley et al. [2005] for basement cored uplifts
in the Sierras Pampeanas. In our case, deformation was
forced to propagate into the foreland, thereby fragmenting
the basin system into smaller compartments.
[46] The style of this propagating deformation is strongly

influenced by inherited structures, in particular extensional
structures of the former Salta Rift [Bianucci et al., 1982;
Grier et al., 1991; Cristallini et al., 1997; Kley et al., 1999,
2005]. As a result of differential reactivation of these
structures during Andean deformation and basin inversion,
the base of synrift deposits is now exposed at different
elevations on different fault blocks [Hongn and Seggiaro,
2001]. However, this could also be an effect of paleotopog-
raphy. Samples CO7 and COL5, collected from elevations
of 5170 and 2900 m, respectively, were initially situated at
approximately the same depth in the Cenozoic PAZ beneath
a surface of low relief (Figure 8d). The present vertical
offset of 2270 m between the two sample localities suggests
that considerable tectonic movement was focused along the
reverse faults bounding the eastern flank of Cumbres de

Luracatao (Figure 2); the displacement along these faults
significantly contributes to local relief. This example shows
that the depth of the partially reset samples (CO7, COL5
and all CDs) within the Cenozoic PAZ can be used as a
structural marker for the displacement along the range-
bounding reverse faults. Interestingly, the largest amount
of rock uplift is accomplished along newly formed west
dipping reverse faults that bound the eastern flank of the
Cumbres de Luracatao, whereas inverted normal faults
within the former rift basin accommodated only minor rock
uplift (Figure 8g).

6. Conclusions

[47] Analysis of completely and partially reset AFT
samples collected from vertical profiles on the Puna Plateau
and across the southern Eastern Cordillera constrains the
Cenozoic exhumation history in the southern central Andes.
In addition, our data document the cooling history related to
an earlier phase of rifting in the Cretaceous and an inter-
vening episode of exhumation around 40–30 Myr that
supports the inference of an early phase of horizontal crustal
shortening and range uplift in the southern part of the
Eastern Cordillera. These low-elevation ranges were subse-
quently eroded and partially buried beneath sediments that
were part of a broad Andean foreland basin between 30 and
25 Myr. The oldest events in the geologic evolution of this
area are revealed by thermal modeling of track length
distributions, typically from structurally shallow samples.
Thermal modeling also constrains the maximum reheating
temperatures associated with reburial of the sample loca-
tions, and by inference, the thickness of the overlying rock
columns. The duration of this episode of sedimentation and
the calculated sediment thickness differ between the sample
locations at the plateau margin, revealing an eastwardly
propagating basin system. The onset of the ultimate phase
of exhumation in the southern Eastern Cordillera is con-
strained by both age-elevation trends and modeling. Final
exhumation commenced between 22.5 and 21 Myr at the
present-day plateau margin and subsequently propagated
eastward. Our AFT data document an earlier onset of late
Cenozoic tectonic activity in this sector of the southern
central Andes than previously thought. The eastward directed
lateral growth of the Eastern Cordillera is coupled with a
system of contractional basins that first advance in front of
the range and then become subsequently compartmentalized
by later emergent topography.
[48] Ranges in the study area which experienced signif-

icant Cenozoic exhumation also experienced Cretaceous
exhumation associated with formation of normal faults in
the Salta Rift. Structural studies suggest that Andean
shortening often utilizes these older extensional structures.
AFT data can show the position of samples within the PAZ
prior to Andean deformation; this can be used as a proxy for
the structural position and therefore helps constrain the
relative displacement across different structures. At the
southeastern plateau margin, reverse faults that were newly
formed during Andean deformation are the dominant struc-
tures to accommodate horizontal crustal shortening.
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[49] In summary, in the southern Eastern Cordillera,
Cenozoic Andean deformation commenced by 22.5–21 Myr,
earlier than previously suggested. The onset of deformation
predates the inferred formation of significant topography
there by 5–7.5 Myr and deposition of preserved strata in
the adjacent Angastaco basin by 6.5–8 Myr. These lag times
suggest that early, rapid exhumation is associated with
removal of the sedimentary cover, while later, slower exhu-
mation is linked with erosion of bedrock and more significant
surface uplift; the latter is responsible for creating accom-
modation space in the adjacent flexural basin. Deformation
and, by inference, range uplift in the study area thus propa-
gated from west to east and from north to south.
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