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ABSTRACT

Two end-member models have been proposed for the Paleogene Andean foreland: a simple W-E

migrating foreland model and a broken-foreland model. We present new stratigraphic, sedimento-

logical and structural data from the Paleogene Quebrada de los Colorados (QLC) Formation, in the

Eastern Cordillera, with which to test these two different models. Basin-wide unconformities,

growthstrata and changes in provenance indicate deposition of the QLC Formation in a tectonically

active basin. Both west- and east-vergent structures, rooted in the basement, controlled the deposi-

tion and distribution of the QLC Formation from the Middle Eocene to the Early Miocene. The

provenance analysis indicates that the main source areas were basement blocks, like the Paleozoic

Oire Eruptive Complex, uplifted during Paleogene shortening, and that delimits the eastern bound-

ary of the present-day intraorogenic Puna plateau. A comparison of the QLC sedimentary basin-fill

pattern with those of adjacent Paleogene basins in the Puna plateau and in the Santa B�arbara System
highlights the presence of discrete depozones. These reflect the early compartmentalization of the

foreland, rather than a stepwise advance of the deformation front of a thrust belt. The early Tertiary

foreland of the southern central Andes is represented by a ca. 250-km-wide area comprising several

deformation zones (Arizaro, Mac�on, Copalayo and Calchaqu�ı) in which doubly vergent or asymmet-

ric structures, rooted in the basement, were generated. Hence, classical foreland model is difficult to

apply in this Paleogene basin; and our data and interpretation agree with a broken-foreland model.

INTRODUCTION

The evolution of foreland basins is typically associated

with the progressive cratonward migration and vertical

stacking of thrust sheets accompanying flexural subsi-

dence, and the migration of sediment accommodation

space (e.g. Flemings & Jordan, 1989; Decelles & Giles,

1996). These processes produce specific spatiotemporal

characteristics in the sedimentary facies and deformation

patterns, which define the thin-skinned foreland fold-

and-thrust belts of many active and inactive mountain

belts (e.g. Uba et al., 2006; Yang & Miall, 2010; Fitz-diaz

et al., 2011). Moreover, pre-existing stratigraphic condi-

tions, such as the existence of deep sedimentary basins

combined with rheologically weak zones that are prone to

forming detachment horizons, may favour this structural

style (Allmendinger et al., 1983). Conversely, where such
palaeogeographic conditions do not exist, the compres-

sional reactivation of inherited crustal heterogeneities

may result in a highly disparate and unsystematic growth

of mountain belts, eventually resulting in a compartmen-

talized foreland. Such broken-foreland basins are often

associated with crystalline basement uplifts, sometimes

involving asymmetric uplifts, block rotation and localized

depocenters (Jordan & Allmendinger, 1986).

The central Andes comprise both end-member models

(simple and broken) of foreland basins. The Subandean

belt (SA) of northwestern Argentina and southern Bolivia

constitutes a thin-skinned thrust belt that coincides with

deep Paleozoic sedimentary basins and d�ecollements in the

Paleozoic strata (Allmendinger et al., 1983). However, in

the broken foreland of the southern central Andes (at 24°S,
Fig. 1), this style of deformation disappears within the
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Santa B�arbara System. Shortening is instead absorbed by

the reactivation of Cretaceous extensional structures and

Paleozoic shear zones, which account for the diachronic

and spatially disparate foreland deformation (Kley &

Monaldi, 2002). These two modes of foreland deformation

have been well established since the Middle to Late

Miocene (Reynolds et al., 2000; Echavarria et al., 2003;
Hain et al., 2011). However, the behaviour of the Andean

foreland prior to the Middle Miocene remains poorly

understood and is the subject of ongoing debate (Mon &

Salfity, 1995; Coutand et al., 2001; Barnes & Ehlers, 2009).

To unravel the early stages of Andean foreland evolu-

tion during the Paleogene, previous studies have analysed

various aspects of deformation and sedimentation in the

western parts of the central Andes (23°S–26ºS), particu-
larly in the Domeyko Cordillera (Chile) and the western

Puna plateau (Jordan et al., 1983; Jordan & Alonso, 1987;

Mpodozis et al., 2005; Amilibia et al., 2008). An overall

eastward migration of deformation and exhumation

has been inferred, from the Chilean Domeyko Cordillera

during the Cretaceous-Paleocene, and through the

Argentine Puna plateau in the Oligocene, to the Eastern

Cordillera (EC) and SA in the Middle Miocene (Fig. 1;

see synthesis in Jordan et al., 1983; Decelles et al., 2011).
Recent studies, however, suggest that although the An-

dean deformation and sedimentation in Chile may have

already started during the Cretaceous and subsequently

involved regions to the east, the deformation was charac-

terized by a much more extensive, 250-km-wide zone of

spatially disparate but broadly contemporaneous uplifts.

These included Eocene uplifts in the Domeyko Cordillera

of Chile, (Mpodozis et al., 2005; Arriagada et al., 2006),
as well as the Puna plateau in the Salar de Arizaro and

Pastos Grandes (Jordan & Mpodozis, 2006; Carrapa &

Decelles, 2008), and the EC in the Calchaqu�ı Valley (e.g.

Payrola Bosio et al., 2009) in Argentina.
Hongn et al. (2007) suggested that the initial foreland-

basin evolution in the present-day Puna plateau and in

the transition zone to the EC (Fig. 1) was complex in style

and controlled by compressional reactivation of structures

related to pre-existing crustal heterogeneities. This

resulted in an irregular pattern of basement-controlled

uplifts, often bounded by steep reverse faults. Carrapa &

Decelles (2008) and Carrapa et al. (2011a) took an alterna-
tive view and inferred that former foreland deposits in

the Puna plateau, as recorded in the Geste (Fig. 2) and

Fig. 1. Digital elevation model of the southern central Andes, showing the principal morphotectonic provinces and the main ranges

and basins mentioned in this article.WC: Western Cordillera, EC: Eastern Cordillera, SA: Subandean belt, SP: Sierras Pampenas.
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Quebrada de los Colorados (QLC) formations of the East-

ern Cordillera, represent deposits associated with wedge-

top and foredeep depozones, respectively, of an eastward-

migrating fold-and-thrust belt, similar to that in the SA

of southern Bolivia (Horton et al., 2001; Decelles & Hor-

ton, 2003; Mcquarrie et al., 2005).
Against this backdrop of different interpretations, we

present detailed stratigraphic, sedimentological and struc-

tural data from the Calchaqu�ı Valley of NW Argentina, to

further elucidate the early foreland evolution in the south-

ern central Andes. Our investigation is based on careful

mapping of key Paleogene depositional areas, descriptions

of growthstrata and provenance analyses for key sedimen-

tary sequences. The tectonic and sedimentary evolution

of the northern part of the intermontane Calchaqu�ı Valley
is critical for providing better constraints on the early

Cenozoic foreland-basin history in the central Andes.

This region straddles the eastern flank of the intra-oro-

genic Puna plateau and lies in the transition area between

the EC and the broken foreland of the Santa B�arbara Sys-
tem to the east, and the Sierras Pampeanas (SP) to the

south (Fig. 1).

GEOLOGICAL SETTING

The southern central Andes of northwestern Argentina

comprise five principal morphotectonic provinces: the

Puna plateau, the EC, the thin-skinned SA, the com-

pressionally reactivated extensional structures of the

Santa B�arbara System and the SP (Fig. 1). The tec-

tonic evolution of each of these provinces has resulted

from shortening related to subduction of the Nazca

Plate beneath the South American Plate (Jordan et al.,
1983).

The EC is a double-vergent fold-and-thrust belt

involving basement rocks (Allmendinger et al., 1983;

Mon & Salfity, 1995). The Calchaqu�ı Valley, between
24°S and 27°S, is a reverse-fault-bounded, north–south-
oriented, intermontane basin located in the transition

zone between the southwestern EC and the northwestern

Sierras Pampeanas (Fig. 1). The northern sector of the

Calchaqu�ı Valley is bounded by the Toro Muerto and

Calchaqu�ı reverse faults, whereas farther west, the Lura-
catao Valley is bounded by the Luracatao and Cachi faults

(Fig. 2).

Fig. 2. Geological map of the eastern Puna plateau and the western part of the Eastern Cordillera. The Calchaqu�ı Valley and the
locations of the investigated sites are also shown.
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The basement of this area comprises Neoproterozoic to

Lower Paleozoic metamorphic rocks (very low-grade

Puncoviscana Formation, low- to high-grade La Paya

Formation and plutonic rocks of the Cachi Formation –
mostly trondhjemites and granodiorite-granites), and the

Ordovician Oire Eruptive Complex, a composite unit

dominated by porphyritic granites, granodiorite-gabbros

and leucogranites that are often mylonitized and meta-

morphosed (Hongn & Seggiaro, 2001) (Fig. 2).

The sedimentary cover rocks are grouped into two

main sequences (Fig. 3): the Cretaceous to Early Eocene

rift-related deposits of the Salta Group, comprising syn-

rift conglomerates, and postrift sandstones, and minor

occurrences of limestone (Marquillas et al., 2005), and
the Middle Eocene to Pliocene foreland-related Payoga-

stilla Group consisting primarily of sandstones and con-

glomerates (D�ıaz & Malizzia, 1983). Figure 3 summarizes

the Cenozoic stratigraphy for the Puna plateau and the

EC (Calchaqu�ı Valley and Lerma Valley). Applying con-

cepts of sequence stratigraphy, Starck & Vergani (1996)

differentiated four megasequences in the Payogastilla

Group (Fig. 3): Megasequence I, Megasequence II (or

‘Calchaquense’), Megasequence III (or ‘Araucanense’)

and Megasequence IV (or ‘Juje~no’).

METHODS

Detailed mapping was carried out to identify and docu-

ment unconformities, structures, stratigraphic patterns

and provenance in the QLC Formation. Six strati-

graphic sections were surveyed in the northern Calc-

haqu�ı Valley (the Saladillo, Esquina Azul, La Poma,

Cerro Bayo, Tin-Tin and Tonco sections). We also

studied sedimentary sections in the Luracatao Valley

(Fig. 2) and at La Vi~na and Simbolar in the Lerma

Valley (Fig. 1). Palaeocurrent directions were derived

from clast imbrications as well as from planar and

trough cross-stratification; these data, combined with

sandstone and conglomerate provenance analyses,

assisted in the detection of changes in source areas. For

modal sandstone determinations, we used the Gazzi-

Dickinson method (Gazzi, 1966; Dickinson, 1970); at

least 300 framework grains were counted per thin sec-

tion. Conglomerate compositions were analysed by

counting at least 300 clasts per station, for a total of 22

stations. The identified lithologies were confirmed

through petrographic studies and checked against anal-

yses performed on fresh samples from potential source

rocks. 206Pb/238U geochronological analysis on zircon

Fig. 3. Cenozoic lithostratigraphy of the eastern Puna plateau, the Calchaqu�ı Valley and the Lerma Valley, and the interpreted

sedimentary sequences from (a) Starck & Vergani (1996), and (b) this study.
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crystals from a volcanic tuff near the top of the study

sequence was performed to obtain an absolute age to

constrain the time of the discussed stratigraphic sec-

tion. Detailed information on the geochronological pro-

cedure is located in the Supplementary Data.

STRATIGRAPHYAND SEDIMENTOLOGY
OF THE LOS COLORADOSBASIN

The QLC Formation rests unconformably on the Paleo-

gene Santa B�arbara Subgroup of the Salta Group (del

Papa et al., 2004; Payrola Bosio et al., 2009). This basal
unconformity is a regional feature, traceable in both N–S
and E–W directions. In places, at least 400 m of sedimen-

tary rocks from the Salta Group was eroded prior to, or

coeval with, deposition of the QLC Formation, forming a

distinct palaeorelief.

The QLC Formation consists of a coarsening

upwards continental succession that is almost 1500 m

thick. On the basis of both stratigraphic and structural

relationships, we identified an unconformity within the

QLC Formation. We therefore suggest that the QLC

Formation consists of two supersequences: the Los

Colorados Supersequence and the Angastaco Superse-

quence (Fig. 3). The latter includes an eolian facies

previously considered to be part of the QLC Forma-

tion, and an alluvial-fan facies typical of the Angastaco

Formation. Minor-order sequences have also been iden-

tified based on local unconformities and abrupt changes

in sedimentary facies pattern. These minor sequences

are herein referred to as the Los Colorados I (LCI),

Los Colorados II (LCII), Los Colorados III (LCIII),

Angastaco I (AI) and Angastaco II (AII) sequences

(Fig. 3). In the following sections, we provide an over-

view of the characteristics of the sequences that we

have identified. A complete sedimentary description

can be found in the Supplementary Data.

Los colorados supersequence

LCI Sequence

This unit ranges in thickness from 230 to 350 metres

and is characterized by laterally extensive, clayey to

sandy siltstones with an intense red colour and local

pedogenic calcretes, interbedded with sandstone beds

with scoured bases (Fig. 4a–c and Fig. SD1-A, B, C,

D and E). The facies associations represent floodplain

sedimentation with incipient soil formation and belts of

sandy channels. The fluvial facies associations suggest

moderately sinuous, sandy, braided rivers in the Sala-

dillo and Cerro Bayo-La Poma areas, and meandering

rivers in the Tin Tin area (cf. Miall, 1996). The varia-

tions observed in the channel patterns are consistent

with moderate slopes (Ouchi, 1985; Bridge, 2003) and

southward-decreasing gradients (from the Saladillo area

to the Tin Tin area).

LCII Sequence

The thickness of this sequence varies between 150 and

450 m. No trend has been observed in vertical facies vari-

ations in the Saladillo and Cerro Bayo-La Poma areas

(Fig. 4a, b), whereas strata in the Tin Tin area are charac-

terized by clear coarsening upward trends (Fig. 4c). The

LCII Sequence is characterized by laterally extensive silt-

stone and sandy siltstone strata, up-section interbedded

with lenticular beds of conglomeratic sandstone and con-

glomerate (Fig. SD1-F, G and H). The depositional pala-

eoenvironments correspond to floodplains with associated

shallow, ephemeral lakes with episodic gypsum precipita-

tion; this setting was progressively prograded by sandy to

gravel-bed braided rivers (Miall, 1996; Bridge, 2003).

The presence of rhythmic gravel-sand couplets is indica-

tive of high-capacity, upper-flow regime sheet-floods,

characteristic of active fan lobes in which sheet-flood

deposits represent episodic high-energy flows triggered

by rapid discharge of water (Blair, 1999 and references

therein).

LCIII Sequence

This sequence has only been recognized in the northern

part of the Calchaqu�ı Valley. The LCIII Sequence is 650
to 690 m thick and comprises medium to coarse conglom-

erates (Fig. SD2-A, B and C) interbedded with conglom-

eratic mudstone layers (Fig. 4a, b and Fig. SD2-D).This

association suggests an interaction between cohesive deb-

ris flows and braided fluvial flows within proximal allu-

vial-fan settings. Large-scale bars up to 2 m thick at

Saladillo suggest deposition in deep, stable channels

(Middleton & Trujillo, 1984). Debris-flow deposits are

common in active, expansive lobes, suggesting deposition

in proximal to mid-position alluvial fans with steep slopes

(Nichols & Thompson, 2005).

Angastaco supersequence

This unit is well represented in the central to southern

parts of the Calchaqu�ı Valley, where it unconformably

overlies the LCII or older sequences (Fig. 5). This con-

tact is a marker surface, represented by an abrupt change

in sedimentary facies and/or by the presence of a thick (1

–2 m) calcrete palaeosol (Fig. SD3).

AI Sequence

This 150-m-thick sequence consists of light red sandy

siltstones to silty sandstones, interbedded with conglom-

eratic channel-fill facies (Fig. 4c and Fig. SD2-D) and

sheet-like, clast-supported conglomerates. These deposits

suggest sedimentation in an alluvial bajada, mainly char-

acterized by deposits from high-energy processes and

local clastic input (Milana, 2000). This setting is inferred

to have been dominated by the aggradation of material

transported by flash-floods and subsequent sedimentation

© 2013 The Authors
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(b)
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(c)

Fig. 4. Selected stratigraphic logs showing the main sedimentary environments and provenances.(a) Saladillo, at the northern end of

the Calchaqu�ı Valley, (b) Cerro Bayo, in a central position, and (c) Tin Tin, in the southern part of the studied area.
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during waning flow. Isolated channel features represent

seasonal, shallow, braided streams.

AII Sequence

This sequence is at least 360 m thick, but this is only a

minimum estimate because of the local tectonic complex-

ity. This unit comprises stacked, thick white sandstones

interbedded with laminated red claystones, and conglom-

eratic fluvial-fill channel beds that become dominant in

the upper parts of the section (Fig. 4c and Fig. SD2-F).

This sequence represents deposition in eolian dune fields

with wet interdune areas and braided streams, reminis-

cent of the Permian Cutler Formation and Cedar Mesa

Sandstone of the Colorado Plateau (Langford & Chan,

1989). Eolian sedimentation in the All Sequence suggests

overall protracted dry conditions, with episodic rainfall

and sediment transport.

DETRITAL PROVENANCE AND
PALAEOFLOWDIRECTIONS

Sandstone compositions

Most of the sandstones from the Los Colorados and An-

gastaco supersequences are arkoses (average Q/F/

L = 72/25/3) with a minor proportion of subarkoses.

Monocrystalline quartz predominates, but polycrystalline

quartz grains from both plutonic (Fig. 6a, b) and

metamorphic sources also exist. K-feldspar dominates, but

plagioclase is also present in most of the samples (Fig. 6a).

Lithic fragments consist of low- to medium-grade

Fig. 5. Detailed map of the Tin Tin area, showing the main sedimentary sequences and structures (see location in Fig. 2).
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metasediments (Fig. 6b) together with minor sandstone

and limestone.

The Qm-F-Lt triangular plot of modal sandstone com-

positions (Dickinson, 1985) distinguishes two petrofacies:

(1) a ‘transitional continental’ suite; and (2) a ‘mixed’ suite

(Fig. 6c). The first of these suites is consistent with pre-

dominately plutonic source rocks, whereas the second

petrofacies indicates a more complex rock composition

within the catchment, possibly associated with shorter

transport distances (Dickinson, 1988). The petrofacies of

the Los Colorados and Angastaco supersequences present

a strong signal of granitic and medium- to high-grade

metamorphic rocks in the basal section, with a tendency

towards more mixed and complex sources up-section,

including recycled sedimentary rocks. These characteris-

tics match the compositions of the inferred catchment

areas during Middle Eocene-Oligocene times (see below).

Conglomerate compositions

Analysing the variations in provenance from north to

south reveals some interesting features. At Saladillo, the

clasts in the LCI and LCII sequences are dominated by

granitoids and very low-grade metasedimentary rocks

such as slates and meta-arenites (Fig. 4a, Table SD1).

Farther up-section limestones and carbonate-rich sand-

stones have been identified, together with volcanic rocks

(Fig. 4a). The presence of pebble-sized limestone clasts

containing gastropods and oolites records the exhumation

of the Cretaceous Yacoraite Formation of the Salta Group

(Table SD1). The volcanic clasts are highly silicified and

of rhyodacitic composition, this lithology matches with

Paleozoic volcanic rocks associated with the Falda

Ci�enaga and Coquena formations, together with volcanic

components of the Agua Castilla-Burruyacu units (Hongn

& Seggiaro, 2001). The closest present-day outcrops cor-

responding to these units are nearly 40 km to the west, on

the present-day Puna plateau (Fig. 2).

In contrast, at Cerro Bayo and La Poma, the LCI

Sequence was largely sourced from the metasedimentary

rocks of the Puncoviscana Formation, which are exposed

along both margins of the Calchaqu�ı Valley (Fig. 2). The
LCII and LCIII sequences reveal detrital input domi-

nated by Paleozoic quartz-arenite and volcanic source

rocks, which today crop out approximately 50 km to the

west.

In the Tin Tin area, the clast composition is quite uni-

form throughout the stratigraphic column, dominated by

low-grade metamorphic rocks, granites, Paleozoic quartz-

arenites and silicified volcanics (Fig. 4c and Table SD1).

Two types of granite were distinguished in the clasts: (1)

granites and granodiorites containing K-feldspar pheno-

crysts, derived from the Oire Eruptive Complex; and (2)

trondhjemites and grey–white granodiorite-granite

(a)

(b)

(c)

Fig. 6. (a) Arkosic arenite: note the matrix content and deep weathering of K-feldspar (scale bar = 1 mm). (b) Lithic fragments of

plutonic and metamorphic origin (scale bar=1mm). (c) Provenance diagram (from Dickinson, 1985) comparing compositions from the

Los Colorados and Geste basins; data from (*) Dom�ınguez Paris (2006), and (**) Carrapa & Decelles (2008).
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derived from the Cachi Formation (Fig. 2). Well-

cemented, red, conglomeratic clasts and carbonate-rich

sandstone clasts were derived from the syn- and post-rift

strata of the Salta Group respectively.

Palaeoflowdirections

Palaeoflow directions for the LCI and LCII sequences are

towards the S and SSW in the northern parts of the Cal-

chaqu�ı Valley. At La Poma and at Cerro Bayo, flow direc-

tions are towards the SW and E, and in the central parts

of the valley, they are to the SSE (Tin Tin) and SE (Ton-

co) (Fig. 2). The LCIII Sequence displays palaeoflow

towards the SE at Saladillo and towards the NE at Cerro

Bayo. Despite the limited number of palaeoflow measure-

ments available from the AI Sequence, S- to SE-directed

transport can be inferred.

Summaryof provenance

Together with the clast compositions, the palaeoflow

directions indicate progressive exhumation of the Neo-

proterozoic to Lower Paleozoic rocks that are today

exposed in the EC and on the Puna plateau (Fig. 2). In

particular, the arkosic composition and the dominant gra-

nitic signature in the sediments throughout all measured

sections reflect derivation from the Oire Eruptive Com-

plex source of the Puna plateau.

The sediment composition in the northern part of the

Calchaqu�ı Valley reveals the exhumation of the Salta

Group. Towards the south, at Cerro Bayo, the predomi-

nance of Paleozoic sandstones and volcanic rocks records

the exhumation of Lower Paleozoic units from the Tolil-

lar, Falda Ci�enaga and Coquena formations, and of the

Oire Eruptive Complex (see Fig. 2). Finally, the prove-

nance data from the southern part of the study area sug-

gest an early uplift of the Luracatao (Oire Eruptive

Complex) and Cachi (Cachi Formation) ranges.

TIMING CONSTRAINTS

We have estimated the time span for the deposition of the

Los Colorados and Angastaco supersequences on the basis

of a U/Pb zircon age from an intercalated volcanic ash,

combined with vertebrate mammalian biostratigraphy.

These new data provide a framework in which to assess

the evolution of the LC Basin and allow comparisons to

be made between this basin and similar basins in the cen-

tral part of the present-day Puna plateau.

Radiometric age

Zircons extracted from a 5-cm-thick tuff horizon inter-

calated with eolian deposits at the base of the AII

Sequence in the Tin Tin section (Fig. 4c) yielded an

average 206Pb/238U age of 21.0 � 0.8 Ma (2r; mean

square of weighted deviates MSWD = 0.31; n = 10;

Table SD2). This excludes two Cambrian xenocrysts

with 206Pb/238U ages of 492 and 513 Ma. The low

MSWD indicates that the young population is homoge-

neous, and it is therefore interpreted as having been

generated during a brief magmatic crystallization inter-

val. Because zircon crystallization typically significantly

predates the eruption, the 206Pb/238U zircon age is a

maximum age for the deposition of the tuff. An addi-

tional uncertainty of +0/�0.2 Ma is assigned to the

above age based on typical pre-eruptive zircon resi-

dence time intervals (Simon et al., 2008), resulting in

an eruption age for the Tin Tin tuff horizon of

21.0 + 0.8/�1.0 Ma (2r).

Mammalian biostratigraphy

The lower horizons of the LCI Sequence have yielded

fossils at Cerro Bayo, Tin Tin and in the Luracatao

Valley.

LCI sequence

Vertebrate fossils found at Tin Tin include one specimen

of Astrapotheria, two toxodontid notoungulates (Isotem-
nidae and Olfieldthomasiidae), a campanorcid notoungu-

late and at least two different taxa of Xenarthra

(Dasypodidae) – a polydolopimorph marsupial. A campa-

norcid and a dasypodid were also found, both of which

are endemic to northwestern Argentina and are restricted

to the Middle and Late Eocene (the Barracan SALMA

‘subage’) (Powell et al., 2011).
Two toxodontid notoungulates were recovered from the

Cerro Bayo site (Fig. 2): a Notohippid and a Leontiniid

(Hongn et al., 2007). The leontiniid Coquenia bondi was
found at El Simbolar, at the base of a sequence dated at

39.9 Ma 206Pb/238U (del Papa et al., 2010) - see Fig. 7.

Remains of two mammals have also been found in the

Luracatao Valley: an isotemnid notoungulate (Payrola

Bosio et al., 2009) and an astegotheriinae dasypodid (Her-

rera & Powell, 2009), suggesting a pre-Oligocene age. The

age inferred from mammalian biostratigraphy is consistent

with a detrital apatite (U-Th/He) age of ca. 37.6 Ma

obtained from the QCL Formation (Carrapa et al., 2011b).

Angastaco sequences (AI and AII)

D�ıaz et al. (1989) reported remnants of fossil vertebrates

in the Angastaco Formation including two notoungulates,

one of which was an incomplete jaw with broken teeth

that was referred to as a Mesotheriinae indet., whereas the

other was a hemimandible with premolars and molars

identified as part of a Pachyrukhinae indet., inferred to be

of Middle Miocene age. However, the temporal range of

Mesotheriids and Pachyrukhins extends to the Late Oli-

gocene (e.g. Billet et al., 2008).
The mammalian fossil record of the Los Colorados

Supersequence clearly differs from that of the Angastaco

Supersequence. Our 21.0 Ma 206Pb/238U zircon age,

© 2013 The Authors
Basin Research © 2013 Blackwell Publishing Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists10

C. del Papa et al.



together with previously published dates (Carrapa et al.,
2011b and references therein), suggests that deposition of

the Angastaco sequences must have started as early as the

Late Oligocene or Early Miocene.

PALEOGENE STRUCTURESAND
KINEMATICS

Our newly established age relationships allow the kine-

matic evolution and the history of the sedimentary fill of

the basin to be bracketed between the Middle Eocene and

the Early Miocene. Although most of the Paleogene struc-

tures were contractionally reactivated during the Neo-

gene, the Los Colorados and Angastaco supersequences

preserve key features related to Paleogene contraction,

such as internal unconformities and folds.

The LCI Sequence rests on the top units of the Salta

Group (Santa B�arbara Subgroup). The stratigraphic rela-
tionships are therefore variable, ranging from unconfo-

rmities close to structures that were active in the Eocene

(folds or faults), to paraconformities involving variable,

but not very protracted, hiatuses further away from the

active structures.

Structuresat the Saladillo,Cerro Bayoand
La Pomasites

Eocene deformation and sedimentation features are well

preserved in the Saladillo syncline (Fig. 8a), which affects

the LCI, LCII and LCIII sequences. The LCI Sequence

crops out mainly on the western flank of the syncline,

whereas the LCII and LCIII sequences are exposed in the

core and along its western flank. On the eastern limb of

this structure, close to the Saladillo Fault, the LCI and

LCII sequences preserve evidence of syntectonic sedi-

mentation during the Eocene. Changes in stratal dip and

thickness defining an incipient fanning of beds are pre-

served in the lower strata of the LCI Sequence. A syntec-

tonic angular unconformity separates the LCI and LCII

sequences, with a minor conglomerate wedge at the base

of the LCII Sequence that tapers eastward and onlaps the

LCI Sequence. This well-developed unconformity

defines the contact between the west-dipping LCII beds

and the gently east-dipping LCI strata (Fig. 8c). The

LCI and LCII sequences are conformable to both the west

and east of the unconformity. We interpret this unconfor-

mity as being related to tilting of the LCI Sequence

(Fig. 8b). Importantly, the incipient fanning geometries

Fig. 7. Correlation of Middle Eocene to Early Miocene sequences across the EC, showing the wedge-shaped basin geometry, and the

rapid lateral facies variations. The Oire Eruptive Complex (Luracatao range) delineates the western border of the basin. Note also the

distribution and propagation (i.e. ‘widening’) of successive deformation belts. S=Saladillo, EA = Esquina Azul, CºB = Cerro Bayo,

TT = Tin Tin, T = Tonco, LV = Lerma Valley, Si = Simbolar.

© 2013 The Authors
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(a)

(c)

(d)

(e)

(b)

Fig. 8. (a) Geological map and cross sections of the Saladillo area, showing the main relationships between the Salta Group and the

LCI, LCII and LCIII sequences (see location in Fig. 2). (b) Sketches summarizing the deposition of the Los Colorados sequences in

the Saladillo area. (b.1) Salta Group on the metamorphic basement; (b.2) Activation of the west-vergent fault (eastern margin of the

valley) with folding of the Salta Group that resulted in angular unconformity separating the LCI Sequence from the Salta Group

(Fig.8d), and the internal geometries in the LCI Sequence as a result of syntectonic sedimentation (dash line marks the stratigraphic

contact); (b.3) Deposition of the LCII Sequence contemporaneous with deformation and erosion related to the west-vergent structures

generating internal and progressive unconformity (Fig. 8c) – at this time, the east-vergent fault began to move provoking the onlap of

the LCII Sequence on the earlier units; (b.4) Deformation concentrated on the western margin of the Calchaqu�ı Valley, (although it
continued to a lesser extent onto the eastern margin), resulting in onlap of the LCIII Sequence on the preceding units (Fig. 8e). Loca-

tion of 8d–f on map of Fig. 8a. Modified from del Papa et al. (2004) and Hongn et al. (2007).

© 2013 The Authors
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detected in the lowest LCI horizons provide indications

of the early, Eocene deformation.

Preserved older structures suggest a dominant west-

ward vergence during the Paleogene. The west ver-

gence of the basement-cored overturned folds in this

northernmost sector of the Calchaqu�ı Valley is indi-

cated by the presence of post-rift Salta Group strata

defining anticlines with overturned west limbs farther

east, in the hanging-wall of the Saladillo Fault

(Fig. 8a).

The Los Colorados sequences progressively onlap

older units on the western limb of the Saladillo syn-

cline. In the northern portion of this western limb, the

LCI Sequence rests directly on the Salta Group and is

in turn overlain by the LCII Sequence. In the central

portion, the LCII Sequence rests on the Salta Group

and is covered by the LCIII Sequence, and in the

southern portion, the LCIII Sequence rests directly on

the Salta Group (Fig. 8a). A gentle unconformity sepa-

rates LCI strata from the Salta Group; this unconfor-

mity is also preserved on the eastern limb of the

syncline (Fig. 8d; see also del Papa et al., 2004). How-

ever, the angular unconformity between the Salta

Group and the LCII Sequence, and particularly the

LCIII Sequence, is clearly defined on the western limb

of the Saladillo syncline (Fig. 8e). Thus, the Toro Mu-

erto Fault must also have been active during deposition

of the LCII and LCIII sequences. Both the Calchaqu�ı
and the Toro Muerto faults were consequently active

during the Paleogene. Our data show that the deforma-

tion was focused along the Calchaqu�ı Fault during the

onset of deposition of the Los Colorados (LCI and

LCII) sequences, and that the Toro Muerto Fault was

active during deposition of the LCII and LCIII

sequences (Fig. 8b).

Structuresat theTinTin site

The Calchaqu�ı Valley widens in the Tin Tin area

(Fig. 2), where a set of west-vergent structures related

to tectonic inversion of Cretaceous extensional struc-

tures are found (Grier et al., 1991; Carrera & Mu~noz,
2008). The main structure is the Tin Tin anticline

(Fig. 5), a doubly plunging, basement-cored drape fold.

One of the most complete stratigraphic sections of the

region is exposed on the eastern flank of the Tin Tin

anticline. Four major N–S-striking reverse faults (the

West and East Tin Tin faults, and the West and East

Churcal faults) exist close to the Tin Tin anticline

(Fig. 5). The West Tin Tin Fault (the ‘Cerro Negro

Thrust’ of Carrera & Mu~noz, 2008) has overthrust the

post-rift strata of the Salta Group onto Quaternary

deposits covering the Los Colorados sequences, which

in turn cover the post-rift units farther west. Displace-

ment along this fault decreases towards the north, as it

does not disturb the stratigraphic succession in the Tin

Tin River (Fig. 5). The East Tin Tin Fault is the most

conspicuous of the four faults as it is related to the Tin

Tin anticline, it also shows variable displacement. The

largest displacement is in the core of the anticline,

decreasing towards both the north and the south where

the shortening was accommodated by tight folding in

the cover sequence. The southern continuation of the

East Tin Tin Fault is covered by Quaternary strata,

but must have a reduced displacement as it does not

significantly displace the contact between the pelitic

and conglomeratic sections of the LCII Sequence

(Fig. 5). Tight folds affecting the Salta Group and the

LCI and LCII sequences are exposed between the

northern end of the West Tin Tin Fault and the south-

ern end of the East Tin Tin Fault (Fig. 5). The fan-

ning of stratal dips in the lower pelitic part of the LCI

Sequence suggests a progressive unconformity associ-

ated with the initial stages of the tight anticline cored

by the Salta Group, now exposed south of the Tin Tin

River (Figs. 5 and 9a). The upper conglomeratic sec-

tion of the LCII Sequence (Fig. 5) is not affected by

tight folding. These observations show that at least part

of the deformation accommodated by the two Tin Tin

faults is of Paleogene age.

(a) (b)

Fig. 9. (a) Bedding with a variable dip defined by the LCI Sequence, on the eastern flank of the Lumbrera cored-anticline, Tin Tin

area, cactus for scale ca. 2.5 m (see location in Fig. 5). B: Fan bedding related to progressive unconformity in the basal horizons of the

LCI Sequence, Luracatao Valley (Finca Luracatao), outcrop is ca. 60 m thick.

© 2013 The Authors
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The better preserved sections in the southeastern por-

tion of the mapped area (Fig. 5) expose the Salta Group

(Santa B�arbara Subgroup), covered by the conglomeratic

upper section of the LCII Sequence in the West Churcal

Fault hanging-wall. This fault thrust the Santa B�arbara
Subgroup over the LCII, AI and AII sequences that

define the eastern flank of a steeply dipping and locally

overturned syncline. In the hanging-wall of the East

Churcal Fault, the AI Sequence rests directly on the Ma�ız
Gordo Formation of the Santa B�arbara Subgroup

(Fig. 5). These relationships indicate that the Churcal

faults were active before the deposition of the AI

Sequence.

Structures in the Luracataoarea

It is interesting to note that similar Paleogene strati-

graphic and structural characteristics in the Luracatao

Valley have also been overprinted by Neogene to Quater-

nary tectonic activity. The reverse faults along the valley

margins have opposing dips and were active during the

Paleogene, a setting virtually identical to the relationships

observed in the Saladillo-Cerro Bayo-La Poma area. The

western mountain range delimiting the Luracatao Valley

consists mainly of granite from the Oire Eruptive Com-

plex, whereas the eastern range comprises rocks of vari-

able metamorphic grade intruded by plutons associated

with the Oire Eruptive Complex or the Cachi Formation

(Fig. 2).

The eastern fault bounding the Luracatao Valley is a

compressionally reactivated, Cretaceous, rift-related

structure (Carrera et al., 2006). The western faults par-

tially reused Lower Paleozoic fabrics (Hongn et al.,
2010). Early shortening accommodated by these faults

took place in the Eocene, during the sedimentation of

the Los Colorados sequences that unconformably cover

the Santa B�arbara Subgroup and reveal progressive

internal unconformities (Fig. 9b; see also Payrola Bosio

et al., 2009, 2012). Detailed stratigraphic and structural

analyses have revealed that the Luracatao Fault was

first activated during the initial deposition of the Los

Colorados sequences (Payrola Bosio et al., 2012). Neo-

gene reactivation is indicated by thermochronologic

studies (Deeken et al., 2006), and fault scarps in Qua-

ternary conglomerates furnish evidence of protracted

displacements, particularly in the southern half of the

valley.

BASIN ANALYSIS

Integration of the available structural data on the Middle

Eocene–Early Miocene sequences in the Calchaqu�ı Valley
reveals that faults accommodating Andean shortening

were already active as early as the Middle Eocene. In this

context, east-vergent structures (the Toro Muerto and

Luracatao faults, see Fig. 2) and west-vergent structures

(the Calchaqu�ı, Cachi and Churcal faults, see Figs. 2 and

5) controlled the sedimentation of the Los Colorados and

Angastaco supersequences.

The five sedimentary sequences that we have identified

are tectono-sedimentary sequences, limited by erosional

unconformities that develop locally into angular unconfo-

rmities, or into paraconformities in distal parts of the

basin. Although climate forcing cannot be excluded as a

contributing factor, we interpret the change in facies asso-

ciations from fine- to coarse-grained (Fig. 7) as being due

to the uplift of source areas located to the west and north,

as well as to the progressive increase in sediment accom-

modation within the basin (e.g. Heller et al., 1988;

Bridge, 2003).

The three sequences of the Los Colorados Superse-

quence change from deposition by moderately sinuous

rivers with thick overbank deposits, to deposition by

braided rivers, and finally, to proximal alluvial-fan set-

tings. The character of the LCI Sequence (Fig. 10) is

typical of extensive floodplains with palaeosol develop-

ment. The fluvial channel pattern, ranging from

braided with local sinuosity to moderately sinuous,

coincides with moderate palaeoslopes that slope down

towards the south. Provenance studies and palaeocur-

rent directions suggest that the source areas were

mainly located to the north and east of the basin. The

distribution of sedimentary environments and prove-

nance within the LCI Sequence suggests that local, low

intra-basinal relief existed during the earlier stages of

the evolution of this basin (Fig. 10).

During deposition of the LCII Sequence, progres-

sive intra-basinal faulting and folding triggered partial

cannibalization of the LCI Sequence; this is especially

evident close to the present-day trace of the Toro Mu-

erto Fault (Fig. 8a). Overbank deposits are thick in

the basal part of the LCII Sequence, whereas the

upper section is characterized by well-developed chan-

nels and braided bars (Fig. 10). Clast compositions

and palaeoflow data reflect the exhumation of sedimen-

tary/metasedimentary and granitic Lower Paleozoic

rocks located to the west, whereas palaeocurrent data

suggest the existence of transverse and axial drainage

systems.

The LCIII Sequence is dominated by channelized

fluvial conglomerates and debris-flow deposits, suggest-

ing deposition in proximal alluvial fans. In addition,

boulder-sized clasts (25–70 cm in diameter) suggest

deposition close to the fan-head. Clast compositions

indicate exhumation of the Oire Eruptive Complex, the

Salta Group and Ordovician sedimentary to metasedi-

mentary rocks. During deposition of the LCIII

Sequence, transverse W–E drainage systems must have

fed alluvial fans and supplied the main axial stream

(Fig. 10).

The AI Sequence represents a bajada system with an

extensive alluvial plain that was dominated by the

aggradation of nonchannelized flow deposits (flash-flood

and hyper-concentrated flows) and by braided gravel

deposits. The sedimentary facies of the AI Sequence

© 2013 The Authors
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are consistent with deposition in medial to distal allu-

vial-fan settings (Miall, 1996). The AII Sequence as a

whole represents the interfingering of eolian dune field,

braided stream and lacustrine depositional environ-

ments.

TECTONO-SEDIMENTARY BASIN
EVOLUTION IN THECONTEXTOF THE
EVOLUTIONOF THECENTRAL ANDES

The Eocene was a critical period in the evolution of

the Andes (Jordan et al., 1983; Kennan et al., 1995;

Sempere et al., 1997). Recent research in the central

Puna plateau of Argentina and adjacent regions in

Chile (Coutand et al., 2001; Arriagada et al., 2006;

Amilibia et al., 2008; Carrapa & Decelles, 2008), as

well as in the EC (Hongn et al., 2007; Payrola Bosio

et al., 2009), has unraveled some of the earlier stages in

the uplift of the Andean orogen. From these studies,

we conclude that the areas that now constitute the wes-

tern and eastern Puna plateau margins were already

under contraction from the Middle Eocene to the Early

Oligocene. This is manifested in the uplift and exhu-

mation of the Mac�on (Jordan & Mpodozis, 2006; Car-

rapa et al., 2009; Hongn et al., 2010), Calalaste

(Carrapa et al., 2005), Copalayo (Decelles et al., 2007),
and Chango Real ranges (Coutand et al., 2001), and

also in the exhumation of the Oire Eruptive Complex

(Luracatao Range) (Deeken et al., 2006; Payrola Bosio

et al., 2009 -see Fig. 1 for locations). Apatite fission-

track data (Carrapa et al., 2005; Deeken et al., 2006),

Fig. 10. Schematic illustration of the basin-fill evolution of the Los Colorados sequences. Approximate W-E length 80 km, for sim-

plicity no vertical scale. See text for more details.
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west- and east-vergent Eocene structures affecting the

basement, and the sediments of the Los Colorados

basin, all clearly document localized early Tertiary tec-

tonic activity in the region. The west-vergent struc-

tures are, in places, older than the east-vergent

structures (e.g. in the northern Calchaqu�ı Valley) while
elsewhere they are slightly younger, such as in the Lu-

racatao Valley (see Payrola Bosio et al., 2012). The

relationships between east-vergent fore-thrusts and

west-vergent back-thrusts testify to a rather complex

spatial distribution of Paleogene deformation during

the deposition of Los Colorados sequences.

Provenance data suggest that the fluvial systems were

fully connected during the initial stage of foreland sedi-

mentation. However, at some stage during the deposition

of the LCIII and AI sequences, the fluvial systems lost full

connectivity, resulting in closed drainage on the Puna pla-

teau that has continued until the present (Alonso et al.,
1991; Strecker et al., 2007). Although no age control is

available for the LCIII and AI sequences, we estimate a

late Early Oligocene age for the isolation of basins on the

Puna plateau, based on our dated 21 Ma tuff from the

base of the AII Sequence.

In contrast, Carrapa et al. (2011a) proposed that the

QLC Formation exposed in the southern Calchaqu�ı Val-
ley was deposited in a foredeep setting, whereas the Geste

Formation in the Puna represents a correlative unit corre-

sponding to a wedge-top depozone (Carrapa & Decelles,

2008) of a foreland fold-and-thrust belt. Our own investi-

gations have documented both Eocene tectonic activity

and basement structures that influenced the Los Colora-

dos sequences much farther to the east than the area on

which the observations by Carrapa et al. (2011a) were

based. These have resulted in a different interpretation

that attributes a more prominent role to the reactivation

of basement heterogeneities in forcing temporally and

spatially unsystematic deformation and basin compart-

mentalization.

Facies descriptions and environmental interpretations

from the Geste Formation correlate well with those of the

LC sequences, but there are marked differences in prove-

nance. An Ordovician meta-arenite belt (the Falda

Ci�enaga and Tolillar formations of Fig. 2) was the main

source for the Geste Basin, generating a ‘recycled orogen’

provenance signal (Carrapa & Decelles, 2008) (Fig. 6c).

In contrast, the mainly granitic signature in the Los Col-

orados sequences reflects the unroofing of the Paleozoic

Oire Eruptive Complex, suggesting that a topographic

high exited between the Los Colorados and Geste basins

(Figs. 2 and 6c). Thus, the Oire Eruptive Complex (Lu-

racatao Range) may have formed the eastern margin of the

proto-Puna plateau (Figs. 2 and 7), whereas other

uplifted areas resulted in transient intra-basinal highs

such as those related to the Churcal faults in the Tin Tin

area (Fig. 5). Our data, together with published AFT

exhumation ages and U/Pb ages (Deeken et al., 2006;
Decelles et al., 2007; Carrapa et al., 2009), indicate

that the deformation along the eastern margin of the

proto-Puna plateau must have started during the Eocene-

Oligocene, coeval with localized exhumation in the inte-

rior of the EC. These observations lead us to propose an

early-stage complex basin setting for the LC sequences

during Andean foreland evolution.

At first sight, our observations appear to be equally

compatible with both the wedge-top depozone model and

an intermontane-basin/broken-foreland model. Problems

arise, however, when the wedge-top model is analysed in

a regional context. Figure 11 summarizes the Paleogene

stratigraphy between 24°30′S and 25°15′S, between the

Puna plateau interior and the EC. The Los Colorados and

Angastaco sequences are equivalent to Eocene-Oligocene

successions described in the Arizaro and Pastos Grandes

basins, (Fig. 11). The Eocene-Oligocene record on the

Puna plateau is quite complete and is represented by

coarse alluvial-fan sediments with local input, associated

with alluvial plain and playa environments (Kraemer

et al., 1999; Jordan & Mpodozis, 2006). In the transition

zone between the Puna plateau and the EC, the Eocene-

Oligocene sedimentary record comprises floodplain, flu-

vial and alluvial-fan environments (Hongn et al., 2007;
Carrapa & Decelles, 2008). In the eastern part of the EC

and the Santa B�arbara System, the early Tertiary record

is represented by a mud-flat setting of the Upper Lum-

brera Formation (del Papa et al., 2010) (Figs. 3 and 11).

The absence of Oligocene to Early Miocene deposits in

this region indicates a significant hiatus towards the east.

These regional observations highlight the high preserva-

tion of coarse clastic, locally derived Paleogene sequences

(Carrapa et al., 2005, 2009; Jordan & Mpodozis, 2006;

Carrapa & Decelles, 2008), deposited adjacent to uplifted

proto-ranges (Fig. 11), and indicate the development of

incipient individual depozones in a compartmentalized

foreland, rather than an orogenic wedge advancing

towards the foreland.

On the basis of these observations, we consider the

early Tertiary foreland of the southern central Andes to

have been part of a ca. 250-km-wide deformation zone

comprising several deformation sectors (Arizaro, Mac�on,
Copalayo and Calchaqu�ı– Fig.1) in which doubly vergent

or asymmetric structures, rooted in the basement, were

generated. As with the ongoing deformation within the

Santa B�arbara and Sierras Pampeanas provinces, the early

Tertiary uplifts in this part of the Andes could have been

influenced by the compressional reactivation of basement

anisotropies related to Paleozoic mountain building and/

or residual relief related to Cretaceous extension (e.g.

Kley & Monaldi, 2002; Strecker et al., 2009; Hongn

et al., 2010).
Importantly, the evolution of the broken foreland in

NW Argentina displays similar characteristics to other

Cenozoic morphostructural provinces in the Andes,

including the Eastern Cordillera of Colombia (Mora

et al., 2006; Parra et al., 2009), the Eastern Cordillera of

southern Peru (Gilder et al., 2003), the Altiplano and

Eastern Cordillera of southern Bolivia (Elger et al., 2005;
Ege et al., 2007), the compressional basins and ranges of
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the Sierras Pampeanas of Argentina (e.g. Mortimer et al.,
2007), and also to the Cretaceous Western Interior of

Canada and United States (Donaldson et al., 1998).

Thus, the unifying characteristic of these broken-foreland

provinces is their spatially widespread and temporally

coeval contractional deformation and uplift, associated

with coarse-grained clastic sedimentation in adjacent de-

pozones. This is in stark contrast to systematically

advancing thrust fronts that are rooted in decollement

horizons of thick sedimentary basins, such as in the

Subandean fold-and-thrust belt of NW Argentina and

Bolivia. Despite the diachronous behaviour of the bro-

ken-foreland province, the Andean orogeny has propa-

gated eastward and basement-cored ranges have

successively excised and uplifted portions of the foreland.
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