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Abstract: The study area is located within the Central Andes, a complex region composed
of different structural styles. The region is characterized by highly elevated basement cored
ranges, which abruptly break the foreland plain. These ranges were uplifted mainly by deep
detached high-angle faults or by the inversion of former extensional faults of the Cretaceous
rift. Palaeozoic orogenies generated crustal scale discontinuities in the basement, some of them
reactivated during the Andean orogeny. Sedimentary sequences and layers architecture in the
basins bordering ranges recorded the tectonic evolution of the region. Basement, syn–rift, post-
rift and three foreland stages were interpreted in the seismic sections according to the arrangement
of the horizons and the main outcropping geological units in bordering ranges. Based on seismic
data sets and field data, here we document a particular style of activation of basement faults.
Thick-skinned structures that are not always related to the tectonic inversion but to the reactivation
of older basement anisotropies represent a paradox since they were not active during the rifting
stage. A flat slab subduction and a subsequent angle recovery conditioned the structural evolution
of the area.

The Andean chain is a result of the crustal defor-
mation produced by the active subduction of the
Nazca oceanic plate below the continental South-
American plate. This margin was defined as an
‘Andean type’ according to the classification of
Dewey & Bird (1970). Several factors influenced
the present structure of the Andes: the changes in
the geometry and insertion angle of the subducted
oceanic plate, the pre-existing discontinuities in
the crust, the sedimentary cover thickness and the
thermal evolution of the lithosphere (Barazangi &
Isacks 1976; Allmendinger et al. 1983; Jordan
et al. 1983; Jordan & Alonso 1987; Isacks 1988;
Babeyko & Sobolev 2005; Oncken et al. 2006).

Foreland basins are the product of mountain
building and their consequent flexing of the litho-
sphere; the tectonic load of the newly formed
relief generates space for the accumulation of sedi-
ments. The accommodation space of the formed
troughs is also controlled by the sedimentary col-
umn weight, the density and the elastic thickness
of the crust (Allen & Allen 1990; DeCelles &
Giles 1996; Tassara 2005). The denudation of the
bordering orogen is the main source of sediments
to infill the adjacent troughs. The foreland basin of
the Central Andes is mainly filled by continental
sediments with only minor marine layers. The infill
of this type of basin is not the typical two-stage
sedimentation model, that is, marine sediments

followed by continental conglomerates. Moreover,
deformation does not involve a continuous propa-
gation in a forward sequence to the inland, where
the proximal parts of the basin are progressively
incorporated into the fold and thrust belt frontal
wedge (DeCelles & Giles 1996). In the study area,
the Andean deformation intercalated break-back
episodes during its forward advance.

A set of sedimentary basins located at the
Andean front was studied in order to determine the
tectonic evolution of the region. To perform this
study, 2D industrial seismic sections were inter-
preted along with field data and the compilation
of published articles.

Geological setting

The study region is located in the junction of three
geological provinces according to the classifica-
tion of Ramos (1999), with different characteris-
tics from one another: the Sierras Pampeanas, the
Cordillera Oriental and the Santa Bárbara System
(Fig. 1). The Sierras Pampeanas are made from
basement cored blocks uplifted during the Andean
orogeny (González Bonorino 1950; Allmendinger
et al. 1983; Jordan et al. 1983). Thick-skinned struc-
tures were produced by the reactivation of deep
crustal discontinuities (Mon & Hongn 1991),
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basement anisotropies and faults formed during
Precambrian to Palaeozoic orogenies (Mon & Hongn
1991; Cristallini et al. 2004; Quenardelle & Ramos
1999). The tectonic inversion of former exten-
sional faults played a key role in the configuration
of the Santa Bárbara System, at the NE of the
study area (Grier et al. 1991; Coutand et al. 2001;
Kley et al. 2005; Carrera et al. 2006; Hongn et al.
2007). The Eastern Cordillera involves the inver-
sion of Cretaceous syn-rift faults, but also basement
faults that were not active during the rifting stage
(Bianucci et al. 1981; Grier et al. 1991; Cristallini
et al. 1997; Kley & Monaldi 2002).

The western margin of the Gondwana super-
continent experienced several orogenic phases
during Precambrian and Palaeozoic times. The
accretion of allochtonous terranes in these old

subductive regimes printed out a series of crustal
scale discontinuities that were selectively reacti-
vated or not in posterior tectonic events (Jordan &
Allmendinger 1986; Ramos 1988; Rapela et al.
1998).

In the Mesozoic, the opening of the south-
ern Atlantic Ocean since the late Triassic and the
beginning of the Andean subduction in the Jurassic
controlled the tectonic processes in this region
(Dalziel 1981; Biddle et al. 1986; Ramos 1988).
During the Cretaceous a back-arc rift basin was
developed with many sub-basins of different
trends (Salfity & Marquillas 1981; Monaldi et al.
2008), named the Salta Rift and constituted by a
series of extensional troughs or sub-basins (Fig. 2).

The Andean orogeny with its deformation star-
ted to imprint its effects in the study region in the

Fig. 1. Regional map of a segment of the Central Andes in NW Argentina, Chile and Bolivia. Political borders,
thopography, location of the study region and main geological provinces are displayed. Figure modified from Ramos
(1999) and Hilley & Coutand (2010).
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Eocene (Coutand et al. 2001; Carrapa et al. 2005;
Carrera et al. 2006; Hongn et al. 2007). Since
then, deformation has propagated towards the east
but with jumps back to the west intercalated in an
out-of-sequence deformation (Carrera et al. 2006;
Carrera & Muñoz 2008; Hain et al. 2011).

The Pampean flat slab subduction migrated to
its present position from the north according to
the Juan Fernandez Ridge geometry reconstruction
and volcanic evidence (Isacks 1988; Allmendinger
et al. 1997; Gutscher et al. 2000; Yáñez et al.
2002). The subduction of the Nazca plate became
shallow during the Miocene owing to buoyancy

produced by the subducted Juan Fernandez aseismic
ridge (Pilger 1981; Kay & Mpodozis 2002; Ramos
et al. 2002; Fig. 7). The flattening of the subducted
plate resulted in the migration of the volcanism
to the east and also the inland propagation of the
deformation front (Jordan et al. 1983). The mag-
matic arc migrated progressively to the east, reach-
ing the easternmost positions at the Sierra de
Aconquija in the Middle Miocene (González 1990;
Kay & Mpodozis 2002). After that time volcanism
returned to the west. Until recently, the study area
was in a volcanic gap (Kay & Mpodozis 2002;
Ramos et al. 2002). During the Late Miocene,

Fig. 2. Distribution of the main sub-basins that formed the Cretaceous Salta Rift and the location of the study area. The
rift basin developed in a series of sub-basins that were partially connected. Note that the study area holds the Tucumán,
the Choromoro and the Metán Sub-basins. Figure modified from Monaldi et al. (2008).
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major tectonic inversions occurred, for example
in the northeast segment of the Tucumán Basin
(Fig. 6b). The recovery of the normal angle of sub-
duction led to delamination of the lower crust and
to the generation of widespread rhyolitic volca-
nism as well as formation of calderas and huge igni-
mbritic fields in the Puna, to the west of the study
area (Coira et al. 1993; Kay & Coira 2009).

Stratigraphy

The main stratigraphic units outcropping in region
are from Precambrian to early Cambrian basement
rocks up to recent sediments (Fig. 3). The differ-
ent stratigraphic formations were summarized into
five seismo-stratigraphic units, representing the
major sequences of sedimentation (Fig. 4).

The basement is composed of low-grade schists
in the south (Pankhurst & Rapela 1998; Omarini
et al. 1999; Aceñolaza et al. 2002; Aceñolaza &
Aceñolaza 2005) that were intruded by Ordovi-
cian granites (Battaglia 1982; Mon & Hongn 1991).
To the north, the basement is formed by Cambrian
meta-sedimentary rocks covered by Ordovician
marine deposits through an angular unconformity;
these last are absent in the study region (Turner
1970; Mon & Hongn 1991; Rossi et al. 1992).
The Silurian to Devonian rocks filling the Tarija
Basin and its southern continuation, the Chaco–
Paranaense Basin (Turner 1970; Allmendinger
et al. 1983; Starck & Del Papa 2006), have only
been found in the subsoil of the easternmost part
of the study area and in the stratigraphic record of
the drilled wells (Cristallini et al. 1997; Fernández
Garrasino et al. 2005; Iaffa et al. 2011b).

Overlying the basement, a set of breccias, con-
glomerates, sandstones, volcanic rocks and silt-
stones are disposed corresponding to the syn-rift
stage. These deposits were formed during the
Cretaceous back-arc extension of the Salta Rift
(Turner 1959; Salfity & Marquillas 1981; Galliski
& Viramonte 1988). The formed half-graben struc-
tures were filled by continental deposits corres-
ponding to alluvial fans, fluvial plains and debris
flows (Turner 1959; Salfity & Marquillas 1981). The
layer thicknesses and grains sizes of the sediments
increase in the proximities of the extensional faults.

Post-rift deposits were formed during the thermal
cooling phase of the rifting, when the extensional
faulting ceased and the subsidence mechanisms
changed (Bianucci et al. 1981; Salfity & Marquillas
1994). During this stage, thin sediments were
deposited in layers onlapping the previous syn-
rift beds and the basement (Comı́nguez & Ramos
1995; Rodrı́guez Fernández et al. 1999; Kley &
Monaldi 2002; Carrera et al. 2006). Sandstones, silt-
stones and carbonates characterize this sequence
(Moreno 1970; Bonaparte et al. 1977). Continental

and marine deposits are intercalated with evapor-
itic facies, which highlighted the marine trans-
gressive events and the later continentalization of
the basin (Marquillas et al. 2005). Syn-rift and
post-rift deposits were joined in the Salta Group,
to denominate the deposits formed in the Salta
Rift Basin (Salfity & Marquillas 1981; Fig. 4).

The transition from post-rift to foreland basin
stage occurred concurrent with the propagation
of the Andean deformation towards the east
(Jordan et al. 1983; Coutand et al. 2001; Oncken
et al. 2006; Carrera & Muñoz 2008). As the ther-
mal subsidence ceased, the Andean orogeny was
approaching the area, generating positive topogra-
phy to the west, along with sediment supply to the
subsiding formed trough. This transition can be
recognized by the presence of an angular unconfor-
mity and stratigraphic gap of the Eocene (Reynolds
et al. 2000; Del Papa et al. 2009). The newly formed
topography and its associated denudation deposits
reached out and covered the study area (Russo &
Serraiotto 1979; Jordan & Alonso 1987). Three
foreland basin units in this and in previous studies
were defined based in the stratigraphic formations
described (Bossi et al. 2001; Iaffa et al. 2011a).
The three units constrain the relative ages of
uplift, permitting comparison of the evolution of
the different basins.

The Foreland Basin I stage started to form when
local ranges had not yet been fully uplifted and
the foreland basin was almost continuously cover-
ing the entire area. During this period the Andean
compressive movements reached the region along
with the first stages of fragmentation of the basin.
Gypsum-rich levels were found intercalated within
mudstones and siltstones, deposited during the
middle Miocene owing to the Paraná marine trans-
gression (Battaglia 1982; Uliana & Biddle 1988;
Gavriloff & Bossi 1992; Ramos & Alonso 1995).
This is a very useful correlation level between the
different basins and for the interpretation of the
seismic sections (Iaffa et al. 2011a).

The Foreland Basin II stage was set when uplift-
ing of the local ranges increased and the sediments
sources started to approach, increasing the energy
of the sedimentary system. This unit is composed
of coarser sediments with respect to the Foreland
Basin I stage and is constituted by sandstones and
conglomerates. During this stage the foreland basin
was compartmentalized into a set of sub-basins.
The drainage net of the region was already differen-
tiated by this time (Mon 2005).

The Foreland Basin III stage is a product of the
denudation of the uplifted local ranges. Sediments
are coarser and form bajadas, filling incised val-
leys and generating landslides. Conglomerates,
breccias, sandstones and siltstones of alluvial fans,
pediments and fluvial plains characterize this stage.

D. N. IAFFA ET AL.

 by guest on June 3, 2013http://sp.lyellcollection.org/Downloaded from 

http://sp.lyellcollection.org/


The Quaternary deposits are part of this last fore-
land stage and are represented by pediment levels,
alluvial and colluvial deposits (Fig. 4). Rock

avalanches, triggered by earthquakes, were docu-
mented on the western slope of the Sierra de Acon-
quija (Fauqué & Strecker 1987).

Fig. 3. Geological map of the study area where the main outcropping units and the location of the seismic sections and
cross sections locations presented in this paper are displayed.

BASIN FRAGMENTATION IN NW ARGENTINA
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Structure

Structural styles

In order to characterize the structures that shaped
the area, more than 60 seismic sections were inter-
preted. Four seismic sections were analysed in
order to exemplify the different types of structures
developed in the study region (Fig. 3). Outcrop-
ping faults and folds along with subsoil structures
were also characterized according to their genesis.

The first seismic section to be described is
located in middle of the Tucumán Basin, it displays

west-dipping horizons thickening towards the cen-
tre of the basin covering less continuous reflec-
tions (Fig. 5a). Foreland sedimentary layers cover
a series of syn-rift deposits held by normal faults
produced during the Salta Rift that were not
inverted by the Andean compression. Cretaceous
half-grabens that preserved their original geometry
were described in the eastern and southern part of
the Tucumán Basin (Cristallini et al. 2004; Iaffa
et al. 2011a) and in the northeastern part of the
Metán Basin (Cristallini et al. 1997; Mon et al.
2005; Iaffa et al. 2011b).

In the foothills of the Sierra de La Ramada, in
the NW of the Tucumán Basin (Fig. 3), the seismic
section shows folded horizons describing an anti-
cline in the western part of the section (Fig. 5b).
This structure resulted from the tectonic inversion
of a former Cretaceous fault, folding the syn-rift,
post-rift and syn-orogenic deposits during the
Andean compression. The main inverted fault is a
blind thrust with two associated footwall shortcut
faults (Fig. 5b). The layers were folded and trun-
cated by an erosive surface inside the Foreland
Basin II unit. This type of structure was identified
in the western margin of the Tucumán Basin, in
the Santa Bárbara System ranges and in the Metán
Basin (Iaffa et al. 2011a, b).

The seismic section located in the middle of
the Metán Basin (Fig. 3) shows a previous normal
fault of the Salta Rift that was folded by a base-
ment thrust (Fig. 5c). This structure shows that the
Andean compression not only reactivated previ-
ous Cretaceous steps but also older basement dis-
continuities. On the eastern sector, a half-graben
structure near to the surface was uplifted by high-
angle faults that were not inverted.

The seismic section located in the west, in the
Santa Marı́a Basin (Fig. 3), displays a high-angle
thrust fault, which is not related to the reactiva-
tion of Cretaceous extensional faults, but is deeply
detached in the basement (Fig. 5a). This type of
fault uplifts the Sierra de Guasayán, the Sierra de
Aconquija and the Cumbres Calchaquı́es by both
flanks (Drozdzewski & Mon 1999; Cristallini et al.
2004; Fig. 3). The Ambato Block is also uplifted
by a set of NW-directed basement faults. These
structures were active during the last stages of the
Andean orogeny.

Cross sections

Five cross sections were drawn in order to under-
stand the regional trends of the structure (Fig. 6).
These sections are displayed along a segment of
the geological map, draped on the digital elevation
model and described from south to north (Fig. 3).

The first cross section A–A′ is located in the
south of the Tucumán Basin and is limited by the

Fig. 4. Seismostratigraphic units described in the region
with their corresponding ages. The basement, Salta
Group and the three proposed foreland basin stages
interpreted over a segment of a seismic line.
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Ambato Block to the west and the Sierra de Guasa-
yán to the east (Fig. 3). The Ambato Block is a
NW-trending range formed by a series of base-
ment blocks limited by deep detached, NE vergent
thrusts (Urreiztieta et al. 1996; Cristallini et al.
2004; Roy et al. 2006). The range is 4500 m high,
shows erosional surfaces dipping to the NE and is
constituted by topographic ridges trending NW,
controlling the drainage pattern (Fig. 6a).

The syn-rift deposits are thin in this sector of the
Tucumán Basin with two differentiated depocen-
tres; the western one is located at the foothills of
the Ambato Block and the eastern one is set at the
centre of the Tucumán Basin, close to the western
fault of the Guasayán range. No syn-rift deposits
were found to the east of this range (Fig. 6a). Fur-
ther east, a basement east-directed thrust named
‘El Rosario fault’ sets the western limit of the

Fig. 5. Seismic sections and a sketch model exemplifying the different styles of faults in the region (see Fig. 3 for
location). (a) Preserved Cretaceous extensional faults covered by west dipping foreland deposits. (b) Tectonic inversion
of a former extensional graben. (c) A previous extensional fault that changed its vergence during compression.
(d) Onlapping horizons related to a basement folding uplift to the west and a thin-skinned thrust detached in the
sedimentary cover.
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Palaeozoic Chaco–Paranaense Basin (Cristallini
et al. 2004).

Cross section B–B′ is located in the centre of
the Tucumán Basin, with the Sierra de Aconquija
on its western margin and the northern prolonga-
tion of Sierra de Guasayán to the east (Figs 2 & 6b).
The Sierra de Aconquija was described as a
double vergent structure formed by deep and
opposite-directed thrusts, which reactivated old
basement discontinuities (Drozdzewski & Mon
1999; Cristallini et al. 2004). On the western slope
of Sierra de Aconquija, high-angle basement faults
show evidence of recent activity (Fig. 6b). In this
sector, no Cretaceous syn-rift or post-rift deposits
are present (Strecker et al. 1989; Mortimer et al.
2007; Bossi & Muruaga 2009). Few and small out-
crops of the Salta Group deposits are found in the
foothills of the eastern slope of the Sierra de Acon-
quija (Fig. 3). These deposits directly rest upon the
basement and are overlain by foreland sequences.
The section displays the maximum thickness of
the Tucumán Basin (Fig. 6b), reaching over
6000 m depth (Iaffa et al. 2011a). The eastern part
of the basin shows Cretaceous extensional half-
graben structures together with the hanging wall of
the Guasayán thrust fault, which is located to the

east (Cristallini et al. 2004). To the east, the
Chaco–Paranaense Palaeozoic deposits lie below
the foreland sequences (Fig. 6b).

The cross section C–C′ is located in the north-
ern part of the Tucumán Basin (Fig. 3). The west-
ern part of the cross section begins in the El Cajon
Basin where foreland deposits cover the base-
ment in the western slope of the Sierra de Quilmes
(Fig. 6c). The Sierra de Quilmes is characterized
by the absence of outcropping faults controlling
both slopes of the range (Mortimer et al. 2007). In
the eastern part of the Sierra de Quilmes, the Santa
Marı́a Basin presents foreland layers directly on
top of the basement with no Salta Group deposits
in the stratigraphic record (Strecker et al. 1989;
Bossi et al. 2001; Sobel & Strecker 2003). The
western slope of the Cumbres Calchaquı́es is ele-
vated by high-angle west-directed thrusts that
expose basement rocks on Neogene foreland beds
(Fig. 6c). The eastern slope of the Cumbres Cal-
chaquı́es shows deep-linked and high-angle faults
involving the basement. In this area, syn-rift and
post-rift deposits overlie the basement. West of the
Cumbres Calchaquı́es, the Sierra de San Javier is
a double-vergent ‘pop-up’ structure, its western
fault controlled by syn-rift sedimentation (Mon &

Fig. 6. Geological cross sections characterizing the different structures of the region. The structural sections are
displayed along a segment of the geological map draped over the digital elevation model. See Figure 3 for location.
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Suayter 1973). In this sector of the Tucumán Basin
tectonic inverted structures, where the hanging-
wall fold is truncated by an erosive unconfor-
mity inside the Foreland 2 sequence, constrain the
age of the inversion (Fig. 5b). The Sierra de la
Ramada and the Sierra de Medina are a result of
this tectonic inversion (Fig. 3). In the eastern part
of the section, high-angle faults that have not con-
trolled the syn-rift extension folded the sequence
not reaching the surface (Fig. 6c). These faults
have reverse behaviour except for the two on the
east, which are normal. These faults have a dextral
strike-slip component with transpressive and trans-
tensive features (Urreiztieta et al. 1996; Iaffa et al.
2011a).

The cross section D–D′ starts from the west in
the Sierra de Quilmes, ending to the east of Sierra
de la Candelaria (Fig. 6d). The eastern margin
of the Santa Marı́a Basin is fragmented by high-
angle west-directed basement thrusts. To the west,
foreland deposits onlap over the Sierra de Quilmes
basement. The Cumbres Calchaquı́es, which has a
double-vergent structure, is the western limit of
the Choromoro Basin (Fig. 3). This basin holds Salta
Group deposits and foreland sequences and is
characterized by shallow detached faults (Abascal
2005). These thrusts produced north-trending folds
and repeated the Foreland Basins II and III
sequences. (Fig. 6d). To the east of the Choromoro
Basin, the northern tip of the Sierra de Medina
is uplifted by the inversion of its western margin.
The eastern slope of the Sierra de Medina exposes
the basement, as does the eastern side of the Sierra
de la Candelaria (Fig. 6d). A former Cretaceous
half-graben was inverted and exhumed at the east-
ern front of the Sierra de la Candelaria, north of
the Sierra del Campo, outcropping syn-rift depo-
sits. Further east, post-rift deposits and foreland
sequences (thinner than in other sectors of the
basin) were almost not affected by the Andean
compression.

The cross section E–E′ is located in the north
of the study area, from the Sierra de Metán to the
Cerro Colorado through the Metán Basin (Fig. 2).
The Sierra de Metán exposes the basement and
Salta Group deposits (Fig. 6e). In the Metán Basin,
syn-rift layers to the centre of the basin are found
at depths of .5000 m (Iaffa et al. 2011b). The
eastern flank of the basin is composed of a half-
graben that has been truncated by a west-directed
basement thrust (Figs 5c & 6e). The Cerro Color-
ado range is the result of a tectonic inversion
produced by the reactivation of a fault on the
eastern flank. This range is exposing syn-rift half-
graben layers thrusting over sag-foreland on the
east (Iaffa et al. 2011b). No Salta Group deposits
were found east of the Cerro Colorado (Mon
et al. 2005).

Regional analysis

Stratigraphic analysis

The sedimentary infill of this sector of the Andes
was conditioned by several tectonic stages that
generated or restricted the accommodation space.
Palaeozoic deposits are almost absent in the strati-
graphic record of the study area; these sequences
were described in the east and their absence in the
studied sector may indicate the null deposition or
erosion. During the Cretaceous, the syn-rift sedi-
mentation was strongly controlled by the activ-
ity of the extensional faults, which fragmented a
major part of the region in a series of uneven filled
basins. The Pirgua Subgroup deposits are the most
different distributed in the area (Fig. 2). After the
extensional phase, a thermal subsidence phase was
set and is evidenced by the distribution of post-rift
deposits and the onlapping relations of the layers
over the syn-rift and the basement, with a more
regional and spread distribution.

Since the Andean deformation affected the study
area, the subsidence was set by the tectonic load of
the newly formed ranges. This process produced
a new geometry in the sedimentation. During this
orogenic stage, subsidence was more localized and
the sedimentary column thickness was strongly
diversified as the basins were compartmentalized.
The relative age of uplifting of the local ranges,
delimiting the basins, was constrained by the depo-
sits affected. Growth strata were described in each
basin in the interpreted seismic sections. The onlap
of the layers led to estimation of the sedimentary
infill record in relation to the generated topography
during the sedimentation.

Published fission track data indicates an age
of exhumation of the western slope of the Sierra
de Aconquija which started 6 Ma ago (Sobel &
Strecker 2003). The Sierra de Quilmes uplift was
also dated by apatite fission track data and indicates
a similar age of exhumation, approximately of
6 Ma. (Mortimer et al. 2007). Neotectonic activity
was documented in both margins of the Sierra de
Aconquija (Drozdzewski & Mon 1999; Cristallini
et al. 2004). Active seismicity was measured along
with evidence in the surface of earthquakes as
rock avalanches on the western slope of the Acon-
quija range (Fauqué & Strecker 1987; Fig. 2).

Growth strata geometries help to define struc-
tures as active or potentially active. The grow-
ing layers were identified against the margins of
the Tucumán Basin. To the west these geometries
where described in the Foreland Basin II and III
units and to the east for the upper foreland sequence
(Fig. 6b). These relations determined that the Sierra
de Aconquija and Cumbres Calchaquı́es were
uplifted earlier and then synchronously respect

BASIN FRAGMENTATION IN NW ARGENTINA
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of the Sierra de Guasayán (Fig. 7). The foreland
sequences were exhumed and then eroded on the
eastern margin of the basin in response to the uplift-
ing associated with the Guasayán fault (Fig. 6b).
The northern part of the basin shows growth strata
geometries in the Foreland Basins II and III units
and an erosive surface, which constrains the tim-
ing of the tectonic inversion and folding of an anti-
cline at the foothills of the Sierra de La Ramada
during Foreland Basin II unit. From growth strata
described in the Tucumán Basin, it can be inferred
that the uplifting of the Cumbres Calchaquı́es and
the Sierra de Medina started since the Foreland
Basin II stage.

In the Metán Basin growth strata geome-
tries were described in the Foreland Basin III unit
(Fig. 5c). In addition, this unit onlaps on the Fore-
land Basin II that was folded before deposition of
the Foreland Basin III unit (Fig. 6e).

The Santa Marı́a Basin foreland layers display
horizons increasing their thickness to the east

(Fig. 5d). The Foreland deposits onlap on the Sierra
de Quilmes basement, determining that this range
began to uplift since the Foreland Basin I stage.
Foreland Basin III deposits also show growth
geometries with opposite direction (to the east),
onlapping relations of these deposits on the upper
Foreland Basin II and internal onlaps in the upper
stage of Foreland Basin II (Fig. 5d). These relations
indicate that the thin-skinned faults affecting the
sedimentary cover and the thick-skinned faults
uplifting the Cumbres Calchaquı́es and the Sierra
de Aconquija were active since the upper Foreland
Basin II stage.

El Cajón Basin shows growth geometries of the
layers thickening to the west since the Foreland
Basin I stage, and internal onlapping geometries to
the east since the upper part of the Foreland Basin
II stage. These relations show that, at the western
margin of the basin, the Sierra de Chango Real began
to uplift before the eastern margin of the basin,
that is, the western slope of the Sierra de Quilmes.

Fig. 7. Reconstruction of the tectono-stratigraphic evolution of the southern part of the study from cross section B–B′.
The cartoon displays five different stages of evolution, the active faults during each period and polarity of these
structures at the time. In green are the active faults at each time.
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The evidence of connection between all the
basins in the study region during the foreland
stage is the marine deposits product of the Parana-
ense transgressive event (Ramos & Alonso 1995).
This event occurred during the Foreland Basin I
stage (Fig. 3). This marine ingression did not cover
part of the Sierras Pampeanas ranges like the Sierra
de Aconquija, the Cumbres Calchaquı́es and the
Sierra de Quilmes, indicating that these composed
a structural high during the sea transgression
(Bossi et al. 2001; Iaffa et al. 2011a).

Structural analysis

The structures in the region were classified accord-
ing to their types and geometry.

Basement-related structures. Based on the inter-
pretation of reprocessed deep reflection seismic
sections, Cristallini et al. (2004) proposed for the
Tucumán Basin a detachment level at about 30 km
depth. The Sierra de Aconquija and the Cumbres
Calchaquı́es were set by a double-vergent fault
system that is uplifting high-angle thrusts in its
eastern and western margins (Drozdzewski & Mon
1999; Cristallini et al. 2004; Iaffa et al. 2011a)
(Fig. 6b). The Sierra de Guasayán shows the same
structural style, with a double-vergent pop-up struc-
ture. The eastern fault of the Sierra de Guasayán
has more displacement than the western one, expos-
ing the basement in the surface (Fig. 6a). These
pop-up structures have not reactivated Cretaceous
extensional faults, but older crustal discontinu-
ities (Sobel & Strecker 2003). The Ambato Block is
composed of a series of NW-trending crests, which
are defined by basement discontinuities that were
reactivated during the Andean deformation. The
Sierra de Quilmes is a basement fold that involves
a blind thrust with a deep detachment level (Fig. 7).

In the Metán Basin, two detachment levels were
proposed. Cristallini et al. (1997) defined a dee-
per level set at 20 km. A shallower detachment
level explains the origin of the tectonic inversion
of faults and folds that does not match the bigger
structures and the smaller wavelength of these
folds in the centre of the Metán Basin (Iaffa et al.
2011b; Fig. 6e).

Tectonic inversion structures. The Santa Bárbara
System and Eastern Cordillera geological prov-
inces are formed mainly from thick-skinned faults
involving the tectonic inversion of former Salta
Rift extensional faults. Inverted faults exhumed
syn-rift deposits to the surface in the Sierra de San
Javier, the Sierra de Medina, the Sierra de La
Ramada, the Sierra del Campo and the Sierra de
La Candelaria (Fig. 3). Moreover, in the Sierra

de Medina, the syn-rift deposits were thrust over
post-rift and foreland sequences. In the eastern
margin of the Metán Basin, the Cerro Colorado
exposes the morphology of a former half-graben
that was fully inverted and exhumed to the sur-
face. In the Sierra de Lumbrera and the Sierra de
González, inversion structures are more complex
and high-angle thrusts are involved (Fig. 6e).

The Sierra del Brete is the southern extreme
of the Eastern Cordillera and is composed of an
inverted former graben of the Cretaceous, with
syn-rift deposits outcropping by its southeastern
margin. The Sierra de Metán was originated by the
tectonic inversion of a Cretaceous graben that was
subsequently truncated by Andean faults, associ-
ated with basement discontinuities (Carrera &
Muñoz 2008; Fig. 6e).

Thin-skinned structures. Shallow detached thrusts
were developed in specific sectors of the study
area; this type of low-angle fault was described in
the Santa Marı́a (Fig. 5d) and in the Choromoro
basins (Fig. 6d). In the centre of the Santa Marı́a
Basin, the foreland deposits were deformed by this
type of structures, generating a number of tight
folds; these faults trend north or NE. In the Cho-
romoro Basin, a north-trending thin-skinned fold
and thrust system affectis the foreland cover.

Strike-slip faults. Faults trending NNW to SSE
with a strike-slip component were described in the
Santa Marı́a Basin (Strecker et al. 1989). Evidences
of strike-slip faulting were found in the northeast-
ern margin of the Tucumán Basin (Fig. 6c). In this
sector, high-angle thrusts and extensional faults
were active at the same time owing to a strike-slip
component. The southeastern faults uplifting the
Sierra de Aconquija were described by Urreizti-
eta et al. (1996) as the ‘Tucumán transfer Zone’,
being a mega-shear zone product of a dextral trans-
pressive deformation linked to the southern Puna
escape movements. The faults uplifting Sierra de
Aconquija might have a dextral slip component
but cannot be considered a strike-slip structure.

Strike of the faults. In the Tucumán Basin, the
main faults controlling the Cumbres Calchaquı́es,
the Ambato Block, the Sierra de Guasayán and the
Sierra de Aconquija are deep detached basement
faults striking north–south, NE–SW and NNW–
SSE (Fig. 3). The inverted faults raising the Sierra
de Medina, the Sierra de La Ramada and the Sierra
del Campo strike NNE–SSW to NE–SW. In the
subsurface, inverted faults strike NE–SW in the
northern part of the basin, north–south in the east
and east–west in the central north area. Extensional
faults that were not affected by the Andean com-
pression are mainly NNE–SSW (Fig. 8).
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The Metán Basin shows north–south to NNW–
SSE faults, which resulted from the Andean orog-
eny, that is, the fault uplifting Sierra de Medina
and the eastern margin fault of the Cerro Colorado
(Fig. 3). The NE–SW faults were extensional dur-
ing the Cretaceous rift and then inverted by the
Andean compression. The NNE–SSW faults experi-
enced minor inversion or were folded depend-
ing on their dip. In the eastern margin of the basin,
some extensional faults were not reactivated dur-
ing the Andean compression. The Choromoro
Basin is bounded by basement-related faults in the
western part and tectonic inverted blocks in the
southern and in the eastern ones. The faults in
the basin are mainly north–south and are shal-
low detached in the post-rift deposits. In the Santa
Marı́a Basin, the NNE–SSW trending faults are
deep detached related to the basement thrust of
the Sierra de Aconquija and the Cumbres Calcha-
quı́es uplift. Faults located at the central part of the
basin were detached in the sedimentary cover. The
NNW–SSE faults have a strike-slip component
with small displacement (Strecker et al. 1989).

Discussion

The fragmentation of the foreland basin in this
sector of the Andes was controlled by the uplift of
the local ranges (Figs 7 & 8). The way in which
the Andean deformation compartmentalized the
region can be described by using the term ‘broken-
foreland’. This concept was defined by Jordan
et al. (1983) and describes how the basin’s parts
become isolated as the ranges uplift through high-
angle deep detached faults involving the base-
ment. The deformational sequence of the broken
foreland does not necessarily involve the propaga-
tion of the orogenic front forward to the inland in
the sense of DeCelles & Giles (1996). Although
some of the western ranges of a region were uplifted
prior to the eastern ones (Figs 7 & 8) and the orog-
enic front propagated eastwards, deformation could
jump back, as was described to the north in the
Eastern Cordillera (Carrera & Muñoz 2008).

Most of the faults in the study area are mainly
thick-skinned, with the exceptions of thin-skinned
thrust faults described in the Santa Marı́a and
Choromoro basins. The Miocene marine transgres-
sive event deposits could act as a ductile level in
the Santa Marı́a Basin. The absence of important
thicknesses of marine deposits or evaporites in the
basins that in posterior compressive stages could

act as ductile layers is a factor contributing to the
tectonic reactivation of previous structural discon-
tinuities. Shallower detachment levels only acted
in the last advanced stages of the Andean defor-
mation, when inter-montane basins were locked by
the uplifted basement ranges or inverted blocks
and the system was buttressed. In the Choromoro
Basin, evaporitic levels of the Santa Bárbara sub-
group were the ones proposed to act as a detachment
plane (Abascal 2005). The Sierra de Medina and
Sierra de La Candelaria uplift locked the propaga-
tion of the deformation and therefore the shallow
detachments were triggered (Fig. 6d).

The structural evolution of the study area was
highly influenced by crustal-scale discontinuities
inherited from older tectonic cycles. Anisotropies
produced during these Precambrian to Palaeozoic
tectonic cycles shaped the basement fabric, produ-
cing discontinuities that were reutilized in posterior
tectonic stages. The orientations of these anisotrop-
ies were fundamental for the selection of which
structure to reactivate in each stage (Fig. 8). Some
of these structures were reactivated during the
Salta Rift and others in the different stages of the
Andean deformation. Some Cretaceous rift sub-
basins margins were uplifted in later stages of the
Andean orogeny (Grier et al. 1991; Allmendinger
et al. 1997; Kley & Monaldi 2002; Carrapa et al.
2005; Carrera et al. 2006; Fig. 8c–d). The changes
in the angle of subduction of the Nazca plate below
the South American during the last 10 Ma from step
to flat and then recovering produced dynamic vari-
ables in the upper crust that permitted the activation
of deep detachments uplifting the basement blocks
(Jordan et al. 1983; Ramos et al. 2002; Alvarado
& Ramos 2011).

The shortening rates increase to the north, with
its maximums further north in the Subandean
System (Kley et al. 1999; Echavarria et al. 2003;
Uba et al. 2009). The sector with bigger shortening
in the study region is located at both margins of
the Cumbres Calchaquı́es (Fig. 6). In this sector,
thin-skinned structures were developed along with
exhumation through deep detached faults and tec-
tonic inversion in the southern Santa Bárbara
System.

The topography generated by the tectonic inver-
sion of the Cretaceous Salta Rift in this sector
of the Andes was not developed in the Tucumán
Basin and only in the margins of the Metán Basin.
In the Tucumán Basin, tectonic inversion was
smaller and decreased in the last foreland stage.
The structures of the Tucumán Basin show a stage

Fig. 8. Schematic model of the outcropping and underground faults active during the Cretaceous and Cenozoic
evolution of the studied basins. The basement and syn-rift outcropping deposits’ actual shapes were used as a reference.
Faults are represented in the present location.
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of evolution similar to the Metán Basin first tec-
tonic inversion, previous to the second-order struc-
tures that were shallower detached (Iaffa et al.
2011b). The future propagation of the Andean defor-
mation towards the east might continue to produce
uplifting of the Sierra de Guasayán; in that case,
the Tucumán Basin will probably develop the
same type of structures as described in the Metán
Basin.

The Cretaceous Salta Rift Basin was a precur-
sor of the Tucumán, Metán and Choromoro basins.
The foreland basins that were set over the syn-
rift deposits had thicker sedimentary columns. Syn-
rift structures and deposits are absent in the
western part of the study region, in El Cajón and
Santa Marı́a basins, where the foreland cover is
thinner and direct on the basement (Fig. 6c & d).

Concluding remarks

The study area shows different types of structures,
active in different periods that shaped the region.
This evolution was set by Palaeozoic orogenic
periods, Cretaceous Rift, posterior thermal cooling
and finally the Andean compression with the frag-
mentation of the foreland basin.

Stratigraphic remarks

The stratigraphic units of the study area are the base-
ment and the sedimentary cover, which is consti-
tuted by syn-rift, post-rift and three foreland units.
The interpretation of reflection seismic sections
permitted identification of three foreland seismo-
stratigraphic units. The seismic facies were joined
according to their geometrical disposition.

The different studied basins show a similar
infill record, with coarsening up sequences. This
resulted from a progressive uplift of the local ran-
ges with an increase in the energy of the sediment-
ary environments, while the Andean deformation
was propagated in the area. The foreland basins
that were formed over the Salta Group deposits –
the Metán, Choromoro and Tucumán basins –
developed thicker covers with respect to the Santa
Marı́a and El Cajón basins that were set directly
on the basement rocks. The Miocene Paranaense
marine layer is a key level older than foreland frag-
mentation that is very useful for correlation. It
also helps to decipher which areas were structural
highs at the moment of deposition, being a palaeo-
topographic indicator.

Structural remarks

Inherited discontinuities from older tectonic cycles
strongly conditioned the structural style of the
region. The Precambrian to Palaeozoic orogenies

owing to subduction and terranes accretion pro-
duced foliations and crustal discontinuities that
were reutilized in posterior tectonic stages. Faults
uplifting the Sierras Pampeanas are deep-detached
basement discontinuities reactivated or triggered
by the Andean orogeny. Most of the thick-skinned
faults that uplift the local ranges were not active
during the Salta rifting; they started to uplift dia-
chronically since the Foreland Basin I stage, or
later, depending on their location. Double-verging
structures are responsible for the raising of many
ranges: the Sierra de Aconquija, the Cumbres Cal-
chaquı́es and the Sierra de Guasayán show this
structural style.

The tectonic inversion of former Cretaceous
Salta Rift extensional faults can be recognized in
many sectors of the study area; the Santa Bárbara
System ranges are a product of the selective tectonic
inversion of these extensional faults. Location,
orientation, vergence and dip of these discontinu-
ities are important factors to select which faults
were inverted during the Andean orogeny. The
syn-rift deposits thickness was not a factor control-
ling the tectonic inversions.

Thin-skinned structures developed in the Santa
Maria and Choromoro basins in the last stages of
the deformation. These structures result from the
buttressing generated with the uplifted bordering
basement ranges and the propagation of the defor-
mation within the basins detaching in the sedimen-
tary cover.
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and D. Bello for their invitation to assist and participate in
the Meeting of Barichara. Acknowledgments go to
V. Ramos, R. Rodrı́guez Fernandez and P. Santanach for
their critical and helpful corrections of the first author’s
thesis that led to this paper; to E. Asensio and J. Iturralde
for reading previous versions of the manuscript and their
suggestions; and to Y. Basile and T. Zapata of Repsol-YPF
for facilitating the seismic information.

References

Abascal, L. DEL V. 2005. Combined thin-skinned and
thick-skinned deformation in the central Andean fore-
land of northwestern Argentina. Journal of South
American Earth Sciences, 19, 75–81.
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Omarini, J. & Viramonte, J. (eds) Geologı́a del Nor-
oeste Argentino. XIV Congreso Geológico Argentino,
Relatorio, 1, 29–40. Universidad Nacional de Salta,
Salta, Argentina.

Oncken, O., Hindle, D., Kley, J., Elger, K., Victor, P. &
Schemmann, K. 2006. Deformation of the cen-
tral Andean Upper plate system – facts, fiction, and con-
straints for plateau models. In: Oncken, O., Chong, G.,
Franz, G., Giese, P., Götze, H.-J., Ramos, V.,
Strecker, M. & Wigger, P. (eds) The Andes – Active
Subduction Orogeny. Springer, Berlin, 3–27.

Pankhurst, R. J. & Rapela, C. W. 1998. The proto-
Andean margin of Gondwana: an introduction. In:
Pankhurst, R. J. & Rapela, C. W. (eds) The proto-
Andean Margin of Gondwana. Geological Society,
London, Special Publications, 142, 1–9.

Pilger, R. H. 1981. Plate reconstructions, aseismic ridges,
and low angle subduction beneath the Andes. Geologi-
cal Society of America, Bulletin, 92, 448.

Quenardelle, S. & Ramos, V. A. 1999. The ordovician
western Sierras Pampeanas magmatic belt: record of
Argentine Precordillera accretion. In: Ramos, V. A.
& Keppie, D. (eds) Laurentia Gondwana Connections
before Pangea. Geological Society of America,
Boulder, CO, Special Papers, 336, 63–86.

Ramos, V. A. 1988. Tectonics of the Late Proterozoic–
Early Paleozoic: a collisional history of Southern
South America. Episodes, 11, 168–174.

Ramos, V. A. 1999. Las provincias geológicas del terri-
torio argentino. In: Caminos, R. (ed.) Geologı́a Argen-
tina. Instituto de Geologı́a y Recursos Minerales,
Buenos Aires, Anales, 29, 41–96.

Ramos, V. A. & Alonso, R. N. 1995. El Mar Paranense en
la Provincia de Jujuy. Revista Geológica de Jujuy, 10,
73–80.

Ramos, V. A., Cristallini, E. & Pérez, D. J. 2002. The
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