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ABSTRACT

The Tarapacá Basin is one of the larger basins created on the western mar-
gin of South America during the Mesozoic times. Regional studies focused 
their attention on understanding its Cenozoic surface structures, traditionally 
interpreted as a west-verging thrust and fold belt. However, its internal and 
deep architecture and the influence of previously developed Mesozoic exten-
sional structures on its current structure have not been analyzed in detail. We 
used new field data and 2D seismic data to determine the tectonic architec-
ture of the Tarapacá Basin. We have paid special attention to defining both 
the deep and superficial structures to understand its tectonic evolution. The 
seismic data reveal the existence of a series of half-graben structures along 
which Mesozoic synrift stratigraphic sequences accumulated. We also show 
that Upper Cretaceous and Cenozoic synorogenic sequences mainly accumu-
lated over contractional folds (anticlines and synclines). The structure is char-
acterized by a thick-skinned structural style dominated by structures inverted  
during the oblique reactivation of ancient Mesozoic normal faults and also 
by newly formed reverse faults in the form of shortcut and bypass faults. The 
presence of Upper Cretaceous to Tertiary synorogenic sequences over the 
contractional structures, separated by angular unconformities, allowed us to 
show that the basin inversion and its subsequent deformation occurred at 
least since the Late Cretaceous until Recent times. These results aid in under-
standing the role of extensional structures in the evolution of orogenic belts 
and can be compared with similar structures around the world.

INTRODUCTION

The Central Andes is the largest active non-collisional mountain belt 
worldwide, located along the western margin of South America (Fig. 1). It is 
related to the subduction of the Nazca plate beneath the westernmost edge 
of South America, and its major topographic expression is observed along 
its curved portion in northern Chile and southern Peru and Bolivia (Fig. 1), 
where it reaches a width of nearly 450 km and a mean elevation of nearly 4 km 

above sea level (asl) along the so-called Altiplano-Puna plateau (Isacks, 1988). 
The western flank is mostly located on the Chilean side (Fig. 1). In northern 
Chile, between 18° and 22°S, this mountain belt is divided into four tectonic 
provinces: the Coastal Cordillera, the Central Depression, the Precordillera (or 
Domeyko Cordillera), and the Western Cordillera (Fig. 1).

The present-day tectonic configuration of the Central Andes (Fig. 1) has 
often been attributed to the almost continuous crustal shortening of the con-
tinental margin since at least ca. 90 Ma (Mpodozis and Ramos, 1989; Somoza, 
1998; Farías et al., 2005; Mpodozis et al., 2005; Arriagada et al., 2006; Bascuñan 
et al., 2016, and others), associated with a major plate reorganization and 
changes in the relative velocity and convergence between Nazca and South 
America (Pardo-Casas and Molnar, 1987; Somoza, 1998). Nevertheless, its early 
tectonic history during the Mesozoic (Triassic–Jurassic–Early Cretaceous) was 
dominated by an extensional tectonic regime, characterized by the creation of 
different backarc extension related basins, and related to the retreating sub-
duction, coeval with the breakup of the Pangea-Gondwana supercontinent 
(Coira et al., 1982; Mpodozis and Ramos, 1989, 2008; Franzese and Spalletti, 
2001; Vicente, 2006; Ramos, 2010).

The Tarapacá Basin (Figs. 1 and 2) in northern Chile is one of the main ba-
sins that resulted from this Mesozoic extensional tectonic regime, which can 
be extended south toward the Copiapó region in Chile (27°S) and north toward 
southern Peru (Vicente, 2006). Its structural and stratigraphic relations have 
been mostly interpreted from field data in some sectors of the Domeyko Cor-
dillera (Muñoz and Charrier, 1996; Ardill et al., 1998; Farías et al., 2005; Amilibia 
et al., 2008; Herrera et al., 2017), and also from seismic profiles of the Pampa 
del Tamarugal (Victor et al., 2004; Nester, 2008; Jordan et al., 2010; Nester and 
Jordan, 2012; Labbé et al., 2015) and the Salar de Atacama Basin (Pananont 
et al., 2004; Arriagada et al., 2006; Jordan et al., 2007, and others). Based on 
these studies, different structural styles have been recognized to affect both 
the infill and the basement of this basin. They are frequently related to thick-
skinned thrust systems, strike-slip faults, and/or normal faulting (Mortimer, 
1973; Flint et al., 1993; Muñoz and Charrier, 1996; Victor et al., 2004; Farías et 
al., 2005; Herrera et al., 2017). Despite these attempts, other regions of this 
basin are still unexplored. One of the main reasons for this gap is the presence 
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of thick Oligocene to Recent continental sequences (so-called “pampas”) that 
almost completely cover the structures located along the Central Depression 
(Figs. 1 and 2), and therefore, structural studies in this region have mainly 
been oriented toward understanding Late Cenozoic deformation. As such, the 
complete structural configuration of the Taracapá Basin beneath the Central 
Depression and the western slope of the Precordillera (and/or Domeyko Cor-
dillera) of the Central Andes at these latitudes is not yet understood (Figs. 1 
and 2). Knowledge of these styles is essential to constraining future tectonic 
models and structural reconstructions.

In order to solve this problem and visualize the complete structure of the 
study region, we have carried out a structural interpretation of a series of W-E–
oriented 2D seismic profiles located along the Pampa del Tamarugal in the 
central part of the Central Depression; these profiles highlight the subsurface 
structure. The seismic data are mainly constrained by field data and oil well 
data. In this contribution, we show for the first time the tectonic architecture of 
the Tarapacá Basin beneath the Pampa del Tamarugal in northern Chile.

GEOLOGICAL SETTING

Stratigraphy

The study area is located along the Central Depression (Figs. 1 and 2), 
between the Coastal Cordillera and the Domeyko Cordillera. In this region, 
the Pampa del Tamarugal occupies the central part of the Central Depression 
at 18°–22°S (Figs. 1 and 2). The oldest rocks lie well exposed in the south-
west extreme of the study area and to the west of the Challacollo Hill (Fig. 
2). These rocks consist of Upper Carboniferous intrusives that are mainly 
composed of granites and granodiorites (ca. 302 Ma; Sepúlveda et al., 2012), 
lithologically and chronologically correlated with those granitic blocks ex-
posed along the Domeyko Cordillera and that correspond to the basement 
of the Tarapacá Basin (Fig. 2). The stratigraphic record of the basin is mostly 
exposed in the western part of the Domeyko Cordillera (Fig. 2) and also along 
some transverse canyons that cut the Pampa del Tamarugal. The infill is com-
posed of Mesozoic and Cenozoic volcano-sedimentary deposits (Fig. 2). The 
Mesozoic deposits start with nearly 1640 m of sedimentary Upper Jurassic 
successions that unconformably overlie the Upper Carboniferous granitic 
rocks of the Domeyko Cordillera. These deposits are composed of interca-
lated siltstones, shales, and fine sandstones with Perisphinctes y Arisphinc-
tes (Upper Oxfordian) defined as the Majala Formation (Galli-Olivier, 1967; 
Blanco et al., 2012), interpreted to have accumulated during extensional tec-
tonic conditions (Mpodozis and Ramos, 2008). This unit is followed by a thick 
(~2000 m) continental succession of stratified red sandstones, mudstones, 
and siltstones. The tops of the beds frequently show traces of ornithopods 
of 60 × 50 cm scale, suggesting an Upper Jurassic–Lower Cretaceous age 
(Blanco et al., 2012). This unit corresponds to the Chacarillas Formation (Galli 
and Dingman, 1962; Blanco et al., 2012; Blanco and Tomlinson, 2013; Fig. 2), 
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Figure 1. Digital elevation model (DEM) of northern Chile, along the normal 
subduction segment, showing the distribution of the main tectonic prov-
inces. The black dashed square indicates the study area shown in Figure 2.
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Figure 2. Simplified geologic map of the Tarapacá Basin along the Pampa del Tamarugal showing the main structural styles and geologic units exposed, as well as the 
distribution of the 2D seismic lines and boreholes used in this study. Modified from Tomlinson et al. (2001), Blanco et al. (2012), Sepúlveda et al. (2012), and Blanco and 
Tomlinson (2013).
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which shows a notable west to east variation in thickness producing a wedge 
shape (Fuentes et al., 2016).

The Chacarillas Formation is unconformably covered by nearly 1400 m of 
Upper Cretaceous continental volcanic and sedimentary deposits made of con-
glomerates, sandstones, lavas, and tuffs associated with a volcanic arc setting 
(Galli and Dingman, 1962). These deposits are mostly exposed in the core of 
some syncline folds (e.g., Higueritas Syncline) and along isolated hills (e.g., 
Challacollo Hill) in the southern Pampa del Tamarugal (Fig. 2) and correlate 
with the Cerro Empexa Formation (Galli and Dingman, 1962; Blanco and Tom-
linson, 2013). This succession usually exhibits contractional growth strata, es-
pecially over the frontal limbs of the anticline folds. U-Pb ages from volcanic 
zircons between 82.5 Ma and 68.2 Ma (Blanco et al., 2012), respectively, allow 
assignment of an Upper Cretaceous age to this unit.

All of these units (Majala, Challacollo, Chacarillas, and Cerro Empexa for-
mations) are locally intruded by kilometer-scale Upper Cretaceous–Eocene 
(ca. 75–45 Ma) intrusive bodies (granodiorites, diorites, monzodiorites, etc.) 
along the axis of the folds (anticlines and synclines), located specifically in the 
western part of the Domeyko Cordillera (Fig. 2). The Cenozoic deposits consist 
of ~1700 m of Upper Oligocene to Middle Miocene deposits made of interca-
lations of sedimentary (sandstones and conglomerates) and volcanic (mainly 
tuffs) beds, which unconformably cover the Mesozoic and Upper Cretaceous 
outcrops of the westernmost part of the Domeyko Cordillera (Galli and Ding-
man, 1962; Galli-Olivier, 1967) (Figs. 2 and 3). These deposits are composed 
of the Altos de Pica Formation, which comprises mainly conglomerates and 

sandstones with intercalated ignimbrites with reported U-Pb ages of 19.6 Ma 
(Lower Miocene; Blanco et al., 2012) and the El Diablo Formation, which com-
prises sandstones, conglomerates, gravels, and some limestones (Galli and 
Dingman, 1962; Galli-Olivier, 1967; Tobar et al., 1968; Blanco et al., 2012), which 
underlie the extensive Plio-Pleistocene cover of the Pampa del Tamarugal 
(Fig. 2). The age of this formation is poorly constrained; however, we assigned 
a Mid-Upper Miocene age, based on its stratigraphic position. Finally, the Up-
per Miocene to Holocene sedimentary deposits are mostly distributed over the 
surface of the Pampa del Tamarugal, representing the youngest successions 
that complete the infill of the Tarapacá Basin (Fig. 2).

STRUCTURAL SETTING

The major surface of the Tarapacá Basin is covered by the Pampa del 
Tamarugal, which corresponds to a relatively flat surface showing a gradual 
eastward increase in altitude toward the Domeyko Cordillera (Figs. 1 and 
2). This surface commonly prevents the observation of structural and strati-
graphic relations in the region. However, the regional structure of the study 
area can be divided into two tectonic domains that form part of a large N-S–ori-
ented contractional system (Muñoz and Sepúlveda, 1992; Muñoz and Charrier, 
1996; Farías et al., 2005; Charrier et al. 2013; Herrera et al., 2017) (Fig. 2).

The eastern domain of this system is restricted to the westernmost part 
of the Domeyko Cordillera. At the study latitudes, it consists of large, N-S–
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Figure 3. Panoramic view of the folded Jurassic–Cretaceous synrift successions (Chacarillas and Majala formations) into the Chacarillas Anticline (see location on Fig. 2), which are unconformably 
overlain by Oligo-Miocene synorogenic deposits (Altos de Pica and El Diablo formations).
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striking, asymmetrical anticlines and synclines (e.g., Chacarillas Anticline; Figs. 
2–4) that mainly involve the Jurassic–Lower Cretaceous deposits of the basin, 
forming a belt ~40 km long and 15 km wide, recognized as the northern expres-
sion of the Sierra de Moreno fold belt (Tomlinson et al., 2001) (Fig. 2). The folds 
are generally narrow, with tight to isoclinal geometries and steep limbs with 
dips that range between 50°–80°S (Figs. 3 and 4) (Blanco and Tomlinson, 2013). 
Previous works have associated these folds with west-verging blind thrusts 
(Amilibia and Skarmeta, 2003; Armijo et al., 2015), while others consider that 
they resulted from reactivated normal faults (Charrier et al., 2007; Fuentes et 
al., 2016; Herrera et al., 2017).

To the west and north of this sector, a second tectonic domain is pres-
ent (Fig. 2). Here, the structural style is characterized by a series of NNW- to 
NNE-oriented flexures related to monoclinal folds, which are defined as the 
Altos de Pica, Longacho, and Chintaguay flexures (Fig. 2) and other minor open 
folds. These flexures and/or monoclinal folds have mostly been related to thick-
skinned blind reverse faults (Pinto et al., 2004; Victor et al., 2004; Nester, 2008; 
Blanco et al., 2012; Charrier et al., 2013; Fuentes et al., 2016; Fuentes et al., 2017). 
Some of these (Altos de Pica flexure) have been used to explain the structure of 
the western region of the Altiplano (Victor et al., 2004; Farías et al., 2005; Char-
rier et al., 2013). In addition, other large west- and east-verging reverse faults 
that extend from the Longacho Hill to the south of the Guatacondo Creek have 
been interpreted based on previous analysis of seismic and field data (Victor 
et al., 2004; Nester, 2008; Jordan et al., 2010; Nester and Jordan, 2012; Labbé 
et al., 2015). Many of these were interpreted as inverted faults (Charrier et al., 
2013; Fuentes et al., 2016; Fuentes et al., 2017; Herrera et al., 2017), because 
these bound the lateral continuity of the Mesozoic deposits related to the synrift 
infill of the Tarapacá Basin (Gallardo, 2015; Fuentes et al., 2016; Fuentes et al., 
2017). In map view, all these structures (reverse and inverted faults) can be seen 
affecting the Oligocene and Neogene volcanic and sedimentary deposits, and 
also the oldest Mesozoic deposits (Fig. 2). Previous works (Muñoz and Charrier, 
1996; Pinto et al., 2004; Victor et al., 2004; Farías et al., 2005; Jordan et al., 2010; 
Charrier et al., 2013) have described this structural array as responsible for the 
accommodation of major deformation and uplift of the western slope of the 
Central Andes at least during the past ~28 m.y. (Farías et al., 2005; Cortés et 
al., 2012). Previous estimates suggest that both tectonic domains could have 
accumulated between 30 and 50 km of shortening (Armijo et al., 2015) along 
the Guatacondo Creek (Fig. 2). In contrast, other works indicate that the ac-
cumulated horizontal shortening by these structures does not exceed 10 km 
(Haschke and Günther, 2003; García and Hérail, 2005; Herrera et al., 2017).

METHODOLOGY

Field Data

We constructed a geologic map (1:100,000 scale; Fig. 2). This process was 
supported by the use of satellite images, direct field observations, and struc-

tural measurements (strike and dip) of the geologic structures. Our observa-
tions aimed to identify structural and stratigraphic relations, such as contacts 
between stratigraphic units, variations in thickness along successions, the 
presence of intra-formational faults, angular unconformities, synextensional 
and synorogenic deposits, and the determination of the vergence of faults and 
folds, among other features.

2D Seismic Data

In order to understand the structure of the Tarapacá Basin beneath the 
Pampa del Tamarugal, we used a series of W-E–oriented seismic profiles (more 
than 100 km) (lines 99-3–99-6; Fig. 2), corresponding to a two-dimensional (2D) 
seismic survey acquired by Evergreen Resources and Empresa Nacional del 
Petróleo (ENAP) during 1999 to explore oil and gas opportunities along north-
ern Chile. The seismic acquisition was made using explosives and a receiver 
system composed of 12 geophones with a nominal frequency of 10 Hz. The 
seismic profiles typically have good vertical and lateral resolution. During 
processing, the profiles were filtered and migrated in time, and therefore the 
vertical scale used is in seconds (two-way traveltime [TWT]). Unfortunately, 
the time-depth conversion of the seismic data was not performed, due to the 
absence of density information, sonic and check shots, or logs from the bore-
holes Pintados 1 and 2 (Fig. 2), which are necessary to perform this conversion.

Seismic and Structural Interpretation

The seismic data were mostly constrained by geological information de-
rived from the exposures of the westernmost part of the Domeyko Cordillera 
and also by information available (stratigraphy and lithology) from the bore-
holes Pintados 1 and 2, located west of the study area (Fig. 2). To carry out the 
seismic and structural interpretation, first, we identified the first-order uncon-
formities to define and separate the main tectonosequences related to the infill 
of the basin. Afterwards, the surface geological information (mainly geologic 
contacts) was projected into the seismic profiles, and the main seismic reflec-
tors were correlated with those units exposed on the surface. The stratigraphic 
information from the Pintados boreholes, related to the position of the geologic 
units in the subsurface, was also correlated with the main seismic reflectors 
and between the different seismic profiles. The geologic structures (faults and 
folds) were determined based on the following criteria: lateral loss and break 
of seismic reflectors, drastic changes in dip of seismic reflectors, presence of 
truncated seismic reflectors, lateral changes of seismic amplitudes, etc. The 
seismic visualization, interpretation, and the individual modeling of faults and 
folds were made using the StructureSolver software and the Andino 3D soft-
ware of La. Te. Andes S.A. The individual modeling of faults and folds consisted 
of interactively changing the geometry (mainly the shape of the fault planes), 
kinematic parameters (slip, propagation rate, etc.), and mode of deformation 
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(trishear, flexural slip, flexural flow, simple shear, etc.) of the structures until 
these have matched the observed structures in the field and seismic profiles. 
This process inherently restricts deformation to two dimensions.

RESULTS

Major Stratigraphic Tectonosequences

The analysis of the lateral and vertical variations of the seismic reflectors 
and the identification of angular unconformities and seismic-reflection ter-
minations, e.g., downlaps, onlaps, and erosional truncations (Mitchum et al., 

1977; Vail et al., 1977), allowed us to identify six major tectonosequences over-
lying the acoustic basement. Considering their geometries and structural and 
stratigraphic relations, we separated these into two types: synrift and synoro-
genic tectonosequences (Fig. 5), each one identified with a number (e.g., TS1, 
TS2, etc.) according to their positions in the geological record. The lithological 
characteristics of these are described in Geological Setting. The ages of the 
tectonosequences were assigned based on their fossil content and a few radio-
metric ages determined from samples from outcrops and the Pintados wells 
(Galli and Dignman, 1962; Tomlinson et al., 2001; Blanco et al., 2012; Blanco 
and Tomlinson, 2013; see Geological Setting). Also, we considered previous 
stratigraphic correlations presented in oil exploration reports of the Tarapacá 
Basin (Gallardo, 1961). Below, we describe each of them.
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Basement

The basement commonly is characterized by a series of chaotic seismic 
reflectors (Fig. 5) that correspond to the acoustic basement. This basement is 
mainly related to the Paleozoic granitic rocks that form the pre-rift basement of 
the Tarapacá Basin (see Geological Setting). Its top is frequently marked by a 
continuous seismic reflector with high amplitude (Fig. 5) that can be traced along 
the entire seismic profile. This seismic reflector forms a regional angular uncon-
formity that separates the basement from the oldest stratified successions.

Tectonosequence 1 (TS1)

This is the oldest stratigraphic tectonosequence and consists of semicontin-
uous and continuous seismic reflectors with variable amplitude (Fig. 5). Their 
basal seismic reflectors frequently show onlap terminations against the top of 
the basement, defining thus an angular unconformity. The complete package 
of reflectors has a wedge shape that thickens toward fault planes (Fig. 5), with 
a geometry similar to those reported for synrift deposits accumulated in the 
hanging walls of normal faults. Based on its geometry and stratigraphic posi-
tion observed both at the surface and in the subsurface, we have interpreted 
this tectonosequence to be synrift deposits correlated with the Jurassic and 
Lower Cretaceous deposits of the Majala and Chacarillas formations (Fig. 5).

Tectonosequence 2 (TS2)

This sequence is composed of a package of semicontinuous seismic reflec-
tors (with variable frequency) that commonly have onlap terminations against 
the top of the underlying TS1 (Fig. 5). This unit has important variations in 
thickness, different from those observed in TS1. The basal seismic reflectors 
are frequently more inclined than the upper reflectors, forming a fan shape. 
Growth strata geometries are generally thicker over the limbs of anticline and 
syncline cores and are very well exposed toward the eastern parts of lines 
99-3 (Fig. 6), 99-4 (Fig. 7), and 99-5 (Fig. 8). We have correlated this tectonose-
quence with the Upper Cretaceous synorogenic deposits of the Cerro Empexa 
Formation (Fig. 5), exposed along the Challacollo Hill (Fig. 2). Correlation with 
Cretaceous volcanic sequences was also previously made from the Pintados 
oil wells (Gallardo, 1961; Mordojovich, 1965).

Tectonosequence 3 (TS3)

 This sequence corresponds to a thin package of parallel and continuous 
seismic reflectors with high amplitude (Fig. 5). Its lower section is marked by 
a prominent angular unconformity that separates this tectonosequence from 
the underlying TS2 and TS1 (Fig. 5). The parallel seismic reflectors that com-

pose this tectonosequence commonly thin toward the limbs of anticline and 
syncline folds, showing geometries related to growth strata (Figs. 5 and 6). Fol-
lowing the stratigraphic record recognized in the western flank of the Domeyko 
Cordillera, we have correlated this tectonosequence with the synorogenic Up-
per Oligocene–Lower Miocene deposits of the lower section of the Altos de 
Pica Formation (Fig. 5).

Tectonosequence 4 (TS4)

This is a thick package of parallel and continuous seismic reflectors with 
intercalated high and low amplitudes (Fig. 5). The unit is separated from 
the underlying TS3 by a gentle angular unconformity, which is frequently 
marked by a basal seismic reflector of high amplitude (Fig. 5). Similar to TS3, 
this tectonosequence in some places shows asymmetric fan geometries, es-
pecially over the limbs of some folded structures, thus indicating a contem-
porary accumulation during contractional deformation. The strata thickness 
generally increases toward the western side of the Pampa del Tamarugal. The 
top of this tectonosequence is correlated with the top of the upper section 
of the Altos de Pica Formation exposed in the western Domeyko Cordillera, 
and, therefore, we interpret this tectonosequence as the upper Altos de Pica 
Formation (Lower Miocene).

Tectonosequence 5 (TS5)

This sequence unconformably overlies TS4 and consists of a series of par-
allel and semicontinuous reflectors with high amplitude and low frequency 
(Fig. 5). This unit commonly is wedge shaped, with thinning toward the fron-
tal limbs, over the crest of the inversion anticlines and/or other contractional 
structures (Figs. 6, 8, and 9). This geometry usually is acquired when contrac-
tional deformation and sedimentation occur simultaneously at different rates. 
Based on these observations, we interpreted the unit as a synorogenic tec-
tonosequence, which can be correlated with the Miocene El Diablo Formation.

Tectonosequence 6 (TS6)

This sequence represents the youngest succession within the Tarapacá 
Basin. It consists of a reflector package that has diffuse amplitude and fre-
quency (Fig. 5) and covers the complete stratigraphic record. On the surface, 
it is composed of semiconsolidated and unconsolidated sediments that form 
the Pampa del Tamarugal. Based on the stratigraphic correlations of the Upper 
Cenozoic deposits in the region, we have interpreted this tectonosequence as 
the Upper Miocene–Recent piedmonts deposits (Fig. 5). This tectonosequence 
is also seen to be affected by contractional deformation, and, therefore, we 
consider it the youngest synorogenic succession accumulated in the basin.
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STRUCTURE AND ARCHITECTURE OF THE TARAPACÁ BASIN

The seismic and structural interpretation of the W-E–oriented seismic pro-
files (Fig. 2) reveals that the structure of the basin is composed of two main 
basement-involved structural styles—inverted faults and folds and reverse 
faults. These styles commonly show along-strike variations in terms of ge-
ometry and kinematics, which are mostly related to the original pre-orogenic 
configuration of the basin inherited from previous extensional deformation 
episodes. Other subsidiary and minor faults are also identified; however, these 
have not greatly influenced the regional structure.

The major faults consist of steep to moderately dipping (50°–80°) doubly 
verging faults (Figs. 6–9) that commonly penetrate into the crystalline base-
ment, with fault planes that vary between planar and semi-listric (Figs. 6–9). 
The central and easternmost faults usually affect the complete Mesozoic and 
Cenozoic tectonosequences (TS1–TS6), and in some cases, reach the surface 
(e.g., Challacollo Hill; Figs. 6 and 8) and define the modern western deforma-
tion front of the Domeyko Cordillera. Usually these faults have steep dips that 
exceed 50°. This geometric relationship is similar to those reported in strike-
slip fault zones; however, the seismic data in hand are inadequate to distin-
guish between the two possibilities. Thus, an oblique kinematics dominated 
by dip and strike slips is possible. The westernmost faults mainly are buried 
under the TS3–TS6 tectonosequences (Figs. 6–9). These faults bound a num-
ber of Mesozoic depocenters and/or en echelon half-graben structures, along 
which the Mesozoic synrift deposits (TS1) were preferably accumulated.

The hanging walls of the faults mostly consist of west-verging anticlines 
that involve the synrift stratigraphic wedges of TS1 (Figs. 6–9), except in the 
western and central segments of seismic lines 99-4 (Fig. 7) and 99-6 (Fig. 9), 
where the structural array is clearly doubly verging. The folds are asymmetric, 
with short and steep frontal limbs and large and less inclined back limbs (Figs. 
6–9). They show a harpoon-shaped anticline facing toward the footwall faults, 
and some display evidence of buttressing against the faults (Figs. 6–8). These 
structures are well preserved along different sectors of the basin (Figs. 6–8) 
and correspond to large reactivated Mesozoic master faults. This geometry 
frequently is acquired when previously formed high-angle normal faults are 
partially reactivated and asymmetrical synrift stratigraphic wedges are folded.

In the central part of the basin, some of the hanging-wall and footwall fault 
blocks are displaced by subsidiary short-cut and bypass faults, along which the 
top of the basement is uplifted and folded. The short-cut faults consist of minor 
upward splays with reverse slip motion, linked to reactivated Mesozoic nor-
mal faults that affect their footwall (Figs. 6 and 8). The bypass faults consist of 
reverse faults that affect the hanging wall of the Mesozoic reactivated normal 
faults. Based on the structural and stratigraphic relations mentioned above, we 
interpreted that the structure of the basin is mainly dominated by structural 
styles (inverted faults, inversion anticlines, and reverse faults) associated with 
the tectonic inversion of ancient Mesozoic normal faults.

The seismic resolution generally did not allow determination of the po-
sition of the basal detachment of these structures. However, based on the 

geometry and displacement of the master faults, we believe that these sole 
into a deep basal detachment that could be located outside the footprint of the 
seismic data (below 5 s TWT). The seismic profiles also show the presence of 
thick and asymmetrical stratigraphic wedges that unconformably cover both 
the inversion anticlines and the hanging walls and footwalls of reverse faults 
(Figs. 6–9). These wedges are composed of Upper Cretaceous (TS2) and Ceno-
zoic tectonosequences (TS3–TS6) and have stratigraphic geometries similar to 
those related to synorogenic sequences (Vergés et al., 2002). The basal sec-
tions of these units usually onlap against the limbs of the inversion anticlines, 
forming a clear angular unconformity that marks the initial pulses of the tec-
tonic inversion of ancient Mesozoic normal faults (Fig. 6–9). Other angular un-
conformities are also identified internally within these stratigraphic wedges, 
which have recorded other younger Cenozoic contractional pulses (Figs. 6–8).

DISCUSSIONS

Influence of Inherited Structures

The present-day tectonic architecture of the Tarapacá Basin in the Pampa 
del Tamarugal region has been usually related to Neogene shortening of the 
continental margin, mostly accumulated in the Domeyko Cordillera and the 
Western Cordillera, along the Chilean side. In a continental context, some 
works have suggested that this region forms part of a west-verging hybrid 
(thin- and thick-skinned) fold-and-thrust belt composed of imbricated folds and 
thrust faults developed 50 m.y. ago (Armijo et al., 2015). In contrast, the seismic 
data used in this work have revealed that the structure of this region is mostly 
related to a thick-skinned contractional system, as was indicated earlier by Vic-
tor et al. (2004) and Nester (2008).

Our structural and seismic interpretation shows that the vergence of this 
system is conditioned by the initial polarity of ancient preexisting basement 
structures, which are commonly susceptible to being reactivated when a con-
tractional deformation is superimposed (Martínez et al., 2017). Our results 
also indicate that the current contractional structures beneath the Pampa del 
Tamarugal region are geometrically and kinematically related to the tectonic 
inversion of west- and east-inclined basement normal faults (Fig. 8) inherited 
from Jurassic–Early Cretaceous extensional episodes (Mpodozis and Ramos, 
2008). Similar structural styles have been recognized in the Cordillera de 
Domeyko (Amilibia et al., 2008) and along other regions such as the Cordillera 
Oriental and the Salta Rift on the Argentinean side of the Andes (Kley et al., 
1999; Kley and Monaldi, 2002; Carrera et al., 2006; Iaffa et al., 2011, and others). 
In the latter, the major folds and faults also are usually associated with the 
positive reactivation of previous Jurassic–Early Cretaceous normal faults and 
other zones of weakness within the basement rocks.

The structural elements commonly observed in the study area correspond 
to large and asymmetrical inversion anticlines, reactivated normal faults, and 
basement reverse faults (Fig. 10). Other structural styles linked to hybrid (thin- 
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and thick-skinned) thrust ramps previously proposed for this region (Amibilia 
and Skarmeta, 2003; Armijo et al., 2015) are not observed, and their continuity 
in the lower sections of the upper crust is not evident from the seismic data. We 
interpret that the west-verging folds and faults observed in the field are strongly 
controlled by the initial dip of previous normal faults (Figs. 7–10), which were 
later reactivated forming inversion anticlines at their hanging-wall blocks.

Some of these inversion anticlines have narrow and pop-up geometries 
associated with high-angle faults (Fig. 8), similar to those observed in defor-
mation zones related to strike-slip faults. Based on this, we do not rule out 
that part of the deformation experienced during tectonic inversion has been 
accommodated by strike-slip motion. The situation usually occurs when nor-
mal faults and the over-imposed contractional stress field (σ1) are relatively 
oblique (Lowell, 1995; Bonini et al., 2012), or when previously developed nor-
mal faults have steep dips, thus allowing an oblique reactivation during their 
contraction. Some previous works (Farías et al., 2005) have suggested that part 
of the shortening experiment by the westernmost part of the Domeyko Cordil-
lera is accommodated by strike-slip deformation. A right-lateral motion also 
was confirmed from the focal mechanisms related to the Aroma earthquake in 
2001 (Legrand et al., 2007).

Similar to the interpretation of Farías et al. (2005), we note that the N-S–ori-
ented monocline folds exposed in this region correspond to first-order struc-
tures that resulted from repeated positive reactivation of ancient basement 
normal faults (Fig. 10) and that the strike-slip motions recorded by the focal 
mechanisms only accommodated the regional contractional deformation. 
The monocline folds observed in the field are located over some of the inver-
sion anticlines determined from the 2D seismic profiles. This relationship is 
given because the monocline folds usually affect synorogenic deposits (Fig. 
3), which acquire a different geometry during basin contraction. This structural 
relationship has been observed in other deformed belts dominated by inverted 
structures (e.g., the eastern Coastal Cordillera of Chile, the Cordillera Oriental 
de Colombia, the Anti-Atlas of Morocco, and others) and also reproduced by 
sandbox analogue models (Mitra, 1993; Yamada and McClay, 2004).

Episodes of Deformation

Extensional deformation is frequently recognized due to the occurrence of 
synrift sequences (TS1) accumulated in the hanging-wall blocks of partially 
reactivated Mesozoic (Jurassic to Early Cretaceous) normal faults. These 
faults represent stratigraphic evidence that marks the initial opening of the 
half grabens that formed the Tarapacá Basin during the Jurassic, as proposed 
by Mpodozis and Ramos (1989, 2008). The stratigraphic wedges and growth 
strata of the synorogenic deposits over the crest, fore, and/or back limbs of 
the inverted contractional structures record the progressive structural evolu-
tion of the study area. The angular unconformity between TS1 and TS2 (Cerro 
Empexa Formation) suggest that Andean deformation in the region started 
as early as Late Cretaceous and was mainly accommodated by the oblique 

reactivation of Mesozoic normal faults (Fig. 10). This interpretation coincides 
with some previous studies carried out in nearby regions, such as the Salar 
de Atacama Basin, Cordillera de Domeyko, the Coastal Cordillera, and even in 
the Frontal Cordillera (Mpodozis et al., 2005; Amilibia et al., 2008; Martínez et 
al., 2013, 2016; Bascuñan et al., 2016; López et al., 2017, and others), where this 
period has been interpreted as the oldest deformation episode of the west-
ern Central Andes, associated with the “Peruvian” tectonic phase (Steinmann, 
1929), which was responsible for the tectonic inversion of previous Triassic, 
Jurassic, and Early Cretaceous rift basins. Based on this interpretation, we 
recommend taking into consideration this older deformational episode when 
reviewing some of the proposed tectonic restorations (Farías et al., 2005; Ar-
riagada et al., 2008; Armijo et al., 2015; Herrera et al., 2017).

The deformed tectonosequences correlated with the Oligocene to Mio-Plio-
cene deposits usually are separated by folded angular unconformities, thus 
indicating that other contractional pulses occurred from the Oligocene to Re-
cent times. Commonly, tectonosequences TS3–TS6 fill asymmetrical contrac-
tional basins located in the footwall of reverse and inverted faults. These tec-
tonosequences display geometries similar to those recorded by synorogenic 
deposits accumulated during progressive limb rotation of folded structures 
(Hardy and Poblet, 1994). Another important tectonic pulse has been com-
monly interpreted to occur during the Eocene; it is named the “Incaic” tectonic 
phase (Steinmman, 1929; Mégard, 1984; Maksaev and Zentilli, 1999, Charrier 
et al., 2009) and was responsible for the uplift of the Domeyko Cordillera east 
of the study area. In this study, we have not recognized synorogenic deposits 
related to this episode. The presence of Cenozoic (Oligocene to Recent) syn-
orogenic deposits over the oldest Upper Cretaceous synorogenic sequences 
of the Cerro Empexa Formation also indicates that, during the Cenozoic, the 
previously inverted Mesozoic normal faults were once again reactivated. Con-
sidering the thickness of the Cenozoic tectonosequences, we interpret that the 
Pampa del Tamarugal region experienced major mechanical subsidence re-
lated to contractional deformation and uplift of basement blocks during these 
periods (Oligocene to Recent).

CONCLUSIONS

The tectonic architecture of the Tarapacá Basin between the Coastal Cor-
dillera and the Domeyko Range consists of a preferentially west-verging con-
tractional system, with some east-verging structures. The seismic and struc-
tural interpretation of 2D seismic profiles suggests that this region is mainly 
characterized by a thick-skinned structural style, dominated by inverted 
structures and basement-involved reverse faults. The tectonosequences that 
infill the basin beneath the Pampa del Tamarugal commonly correspond to 
Mesozoic synrift deposits and Upper Cretaceous to Cenozoic synorogenic 
deposits, which have recorded the different episodes of shortening and 
uplift of the Central Andes of northern Chile. The Andean deformation was 
mostly concentrated along reactivated normal faults that form part of ancient 
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half-graben structures, creating thus large inversion anticlines, short-cut 
faults, etc. The tectonic vergence usually is controlled by the initial polarity 
of the Mesozoic normal faults. Their tectonic reactivation commonly formed 
large inversion anticlines with a structural style different from a classical 
thrust and fold belt. These structures frequently form monocline flexures on 
the surface exposed along the western edge of Domeyko Cordillera and the 
Central Depression of northern Chile (18°–22°S). The structural and strati-
graphic relationships observed along the region allowed the determination 
of three main tectonic episodes: (1) Late Jurassic–Early Cretaceous extension 
related to the opening of the Tarapacá Basin; (2) Late Cretaceous contrac-
tional deformation, which produced the initial tectonic inversion of the Tara-
pacá Basin; and (3) Oligo-Recent contractional deformation associated with 
western Andean uplift. The structural style interpreted in this work shows the 
influence of pre-orogenic structures during the growth of an orogenic belt; 
this interpretation can be compared with analogue cases worldwide.
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