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Abstract The orogenic growth of the Domeyko Cordillera was induced by a positive tectonic inversion. In
this work, we have validated this interpretation from new field data, which were combined with 2-D reflection
seismic profile interpretations obtained along the Central Andes forearc of northern Chile. To compare with
this information, we performed a new series of Analog Models dealing with positive tectonic inversion. On the
basis of this, we propose an integrated kinematic model that describes the relationships between extensional
structures, inversion structures, and pure thrust faulting. The proposed model is developed with an initial
syn-rift phase related to the filling of half-graben basins, followed by a positive tectonic inversion phase. Our
models show two main structural styles: partially inverted normal faults and newly formed pure thrust faulting.
The partial inversion of previous normal faults represents the initial stage of exhumation of the syn-rift deposits.
The pure thrusting consists of east-verging faults, which decapitate early or partially inverted normal faults. The
first type of structures are compared with west-verging inverted, or partially inverted, normal faults, inversion
anticlines, and buttressing structures, exposed on the western flank of the Domeyko Cordillera. The second
type of structures are compared with the east-verging thrust faults exposed on the eastern flank of the Domeyko
Cordillera. Finally, we consider that the architecture of the Domeyko Fault System is associated with inversion
structures and pure thrust faulting; being these faults first-order structures that led to the orogenic growth of the
Domeyko Cordillera from the Upper Cretaceous.

1. Introduction

Deformational mechanisms associated with orogenic growth are not conditioned by a simple convergence-process
of an oceanic plate subducted beneath a continental plate (e.g., Andean Orogen; Allmendinger et al., 1997,
Dewey & Bird, 1970; Isacks, 1988; Oncken et al., 2006; Ramos, 2010; Scheuber et al., 1994) nor by an accre-
tion of continental blocks (e.g., Himalayan Orogen; Dewey & Bird, 1970; Gavillot et al., 2018; Jain et al., 2012;
Valdiya & Sanwal, 2017; Yin, 2006). Specifically, for subduction-related orogens, different studies have proposed
that a first-order control corresponds to the absolute motion of the tectonic plates (oceanic vs. continental),
inducing, either the retreat of the trench-hinge away from the upper plate (generating an extensional regime),
or the advance of the trench-hinge from the upper plate toward the oceanic plate (generating a contractional
regime) (Oncken et al., 2006; Ramos, 1999, 2010; Royden & Burchfiel, 1989). In turn, the absolute motion is
dependent on the characteristics of the subducting oceanic plate, such as the length of the subduction zone, the
convergence rate, the age, and the angle of the subducted or roll-back plate, among others (e.g., Daly, 1989; del
Rey et al., 2016, 2019; Doglioni et al., 2009; Jarrard, 1986; Oncken et al., 2006). Nevertheless, the shape of the
basins, the stratigraphic geometries, and the internal structures of the orogens (thick- and thin-skinned tectonics)
are not exclusively controlled by the subduction- or continental collision-process (Isacks, 1988; Ramos, 2010).
Pre-orogenic basement fabrics, such as ancient suture zones, previous normal faults, and zones of cortical
weakness by magmatic arcs, exert a strong control on the internal architecture-geometry of orogens (Bonini
et al., 2012; Martinez, Lopez, & Parra, 2020; R. W. Butler et al., 2006). Specifically, special attention has been
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given to the influence of structures induced by “positive tectonic inversion” on the progressive development
of the orogens and fold-and-thrust belts (e.g., Amilibia et al., 2008; Bailey et al., 2002; Bonini et al., 2012;
Hayward & Graham, 1996; Martinez, Kania, et al., 2020; McClay & Buchanan, 1992; Williams et al., 1989,
among others) (e.g., inversion anticlines, shortcuts, back-thrusts, by-pass faults, or thrust ramps decapitating
early normal faults). These structures accommodate a significant amount of the tectonic shortening, exposing
large blocks of deeper crust at the surface, generating a greater cortical uplift (Bonini et al., 2012). The tectonic
inversion of inherited normal faults has been recognized for many orogens worldwide as being considered one of
the most efficient mechanisms acting in the “initial stages” of the orogens building (Bonini et al., 2012; Lopez
et al., 2020; Martinez, Lopez, & Parra, 2020; R. W. Butler et al., 2006). Moreover, during the progressive growth
of the orogens, the reactivated normal faults may have been converted in reverse faults and/or decapitated by new
thrust faults through a “thrust decapitation” mechanism (Del Ventisette et al., 2021; Scisciani, 2009; Welbon &
Butler, 1992), which frequently accommodates a major tectonic uplift.

In the case of the Central Andes, despite the existence of robust evidence and interpretations of the structural
styles induced by positive tectonic inversion (Amilibia et al., 2008; Fuentes et al., 2018; Martinez, Kania,
et al., 2020; Martinez, Lopez, & Parra, 2020; Martinez et al., 2019), the geometry and kinematics of “inherited
normal faults,” “inversion structures” and “pure thrust faults” are still poorly understood. An example where this
relationship has not been clearly interpreted is the Domeyko Cordillera. The Domeyko Cordillera is an orogenic
belt developed mainly over Paleozoic and Mesozoic rocks and exposed on the forearc of the Central Andes,
northern Chile (Figure 1). Its structural setting has been interpreted as the result of independent and polyphasic
deformational events ranging from the Late Cretaceous to Mio-Pliocene (Maksaev & Zentilli, 1999; Mpodozis
& Cornejo, 2012; Mpodozis et al., 1993, among others), where different structural styles have been recognized
(Arriagada et al., 2006; Bascuiian et al., 2019; Boric et al., 1990; Jordan et al., 2007; Lépez et al., 2019, 2020;
Maksaev & Zentilli, 1988, 1999; Martinez, Kania, et al., 2020; Martinez, Lépez, & Parra, 2020; Mpodozis
& Cornejo, 2012; Mpodozis et al., 1993; Niemeyer & Munizga, 2008; Niemeyer & Urrutia, 2009; Pananont
et al., 2004; Rubilar et al., 2017). Thus, several structural models for the same area have generated ques-
tions and doubts about the mechanism of deformation. These different viewpoints and interpretations gener-
ate further debate when proposing evolutionary and integrated structural models on a regional scale, since the
main models focus on interpretations of independently faulting. In this context, one interesting question is to
understand how the pre-existing basement fabrics have influenced the superposition of the deformation regimes;
specifically, what is the mechanism that induced the uplift of the Andean forearc. This is an ongoing debate
(Amilibia et al., 2008; Bascuiian et al., 2019; Lépez et al., 2020; Martinez, Kania, et al., 2020; Martinez, Lopez,
& Parra, 2020; Mpodozis & Cornejo, 2012), which generates a gap in the knowledge of how the Central Andes
was structured. To contribute to this discussion, this work analyzes and interprets field data combined with 2-D
reflection seismic profiles. To compare and validate our interpretations, we performed a series of Analog Models
addressing positive tectonic inversion. These models suggest a new interpretation of inverted structures observed
in many places of the Central Andes of northern Chile, which may be compared with similar structures preserved
in orogens worldwide. Specifically, we compare our results with EW-oriented segments along the Domeyko
Cordillera, located in the forearc of the Central Andes of northern Chile, aiming to evaluate the role played by
positive tectonic inversion process in the structuring of the area.

2. Geological Setting

The Andean Orogen is a classic example of a compressional orogen. Specifically, the tectonic setting of the Central
Andes is related to the continuous subduction of oceanic plates (e.g., the Farallon and Nazca plates) beneath
the South American continental margin (e.g., Allmendinger et al., 1997; Dewey & Bird, 1970; Isacks, 1988;
Scheuber et al., 1994). The angle of subduction, the direction of convergence, and the degree of coupling between
the oceanic and continental plates have varied through time, controlling the tectonic regimes, determining the
episodes and events of deformation of the Andean Orogen, as well as the development and the migration of
magmatic arcs toward different positions of the continental margin (e.g., Auboin et al., 1973; Coira et al., 1982;
Folguera & Ramos, 2009; Ramos, 2009, 2010). The forearc region of the Central Andes of northern Chile is
located on a subducting segment where the slab subducts at an angle of approximately 30° (normal subduction
segment). This segment exhibits north-south oriented morpho-tectonic features which are, from west to east, the
Coastal Cordillera, the Central Depression, the Domeyko Cordillera or Precordillera, and the Pre-Andean Basins
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(Cahill & Isacks, 1992; Cembrano et al., 2007) (Figure 1). One of the most prominent morphotectonic features
along the forearc region of the Central Andes is the Domeyko Cordillera.

The Domeyko Cordillera is an NNE-oriented and ca. 65 km-wide range exposed between 21° and 27°. Its relief
is characterized by a westward-inclined flat surface, with an average height varing between 3,000 and 3,500 m
above sea level, exposing maximum heights of 4,278 m above sea level (e.g., Cerro Quimal, Figure 1). On
the western slope, its structures consist of N-S striking, subvertical, and kilometric-scale faults interpreted as a
strike-slip fault system and part of the Domeyko Fault System (Arriagada et al., 2006; Boric et al., 1990; Maksaev
& Zentilli, 1988, 1999; Mpodozis et al., 1993; Niemeyer & Urrutia, 2009). Other authors have interpreted the
Domeyko Fault System as a clockwise-rotated blocks system with coexist reverse, normal, and strike-slip faults
(Mpodozis & Cornejo, 2012). On the other hand, on its eastern slope, east-verging thrust faults bounded the
Domeyko Cordillera from the Pre-Andean Basins since the Upper Cretaceous period (e.g., Salar de Atacama,
Punta Negra, and Pedernales basins) (Arriagada et al., 2006; Bascuiian et al., 2019; Lépez et al., 2020; Martinez,
Kania, et al., 2020; Martinez, Lopez, & Parra, 2020; Niemeyer & Munizga, 2008). Alternatively, other authors
propose that the Pre-Andean Depression, at the latitude of the Salar de Atacama, is a product of cortical extension
during the Oligocene (Jordan et al., 2007; Pananont et al., 2004; Rubilar et al., 2017) (Figure 1). Other studies,
supported by balanced-cross sections (Amilibia et al., 2008), have re-interpreted these structures as inverted
faults resulting from the tectonic inversion of pre-existing Mesozoic basement normal faults.

The geological record of the Domeyko Cordillera shows the superimposition of two tectonic settings associated
with contrasting geodynamic regimes. The first corresponds to the intracontinental Carboniferous-Lower Creta-
ceous extensional setting, regionally controlled by roll-back subduction that generated rifting along with the
South American margin (Aguirre-Urreta, 1993; del Rey et al., 2016; 2019; Ramos, 2010; Martinez, Lopez, &
Parra, 2020; Uyeda & Kanamori, 1979). The depositional record during this period is composed of the Carbonifer-
ous to Lower Cretaceous volcanic, fossiliferous marine bioclastic, and siliciclastic stratified rocks (syn-rift depos-
its), exposed throughout the entire Domeyko Cordillera. In the Calama Basin, the Upper Carboniferous-Permian
volcanic sequences are defined as the Collahuasi Formation, the Triassic volcanic and siliciclastic rocks are
defined as the Tuina and Quetena Formations, the Jurassic marine and fossiliferous deposits are defined as the
Caracoles Group, and the Upper Jurassic-Lower Cretaceous siliciclastic deposits are defined as the Cerritos
Bayos Formation (A. J. Tomlinson et al., 2018; Duhart et al., 2018). In the Salar de Punta Negra Basin, the Upper
Carboniferous-Permian volcanic sequences are defined as the La Tabla Formation, the Triassic volcanic and
siliciclastic rocks are defined as the Sierra de Varas and the Cerro de Guanaco Formations, the Jurassic marine
and fossiliferous deposits are defined as the Profeta Formation, and the Upper Jurassic-Lower Cretaceous silici-
clastic deposits are defined as the Quebrada Portezuelo and the Cerro Islote Beds (Gonzélez et al., 2015). Finally,
in the Salar de Pedernales Basin, the Upper Carboniferous-Permian volcanic sequences are defined as the La
Tabla Formation, the Triassic volcanic and siliciclastic rocks are defined as the Quebrada del Salitre Formation,
the Jurassic marine and fossiliferous deposits are defined as the Asientos and the Montandén Formations and the
Cerro Vicuiiita Beds, and the Upper Jurassic-Lower Cretaceous volcanic and sedimentary rocks are defined as
the Sierra Fraga, the Punta del Cobre, and the Pedernales Formations (A. Tomlinson et al., 1999). The second
tectonic setting consists of a contractional feature induced by the early Upper Cretaceous to recent contraction
of the continental margin related to the eastward trench advance, which caused the shortening and tectonic uplift
of the Central Andes forearc (Amilibia et al., 2008; Cobbold et al., 2007; Ramos, 2010). The depositional record
during this period is composed of the Upper Cretaceous to Cenozoic volcanic and siliciclastic stratified rocks
(synorogenic deposits), exposed mainly in the eastern flank of the Domeyko Cordillera. In the Calama Basin,
the Upper Cretaceous-Paleocene volcanic and sedimentary sequences are defined as the Quebrada Mala and
Tolar Formations (. J. Tomlinson et al., 2018; Duhart et al., 2018). In the Salar de Punta Negra Basin, the Upper
Cretaceous-Paleocene volcanic and sedimentary sequences are defined as the Quebrada Mala and Chile-Alemania
Formations (Gonzalez et al., 2015), and the Eocene-Lower to Lower Miocene conglomerates and gravels are
defined as the Pampa de Mula and the Aguada Zorro Formations. Finally, in the Salar de Pedernales Basin, the
Upper Cretaceous-Paleocene volcanic and sedimentary sequences are defined as the Llanta Formation and the
Eocene-Lower to Lower Miocene conglomerates and gravels are defined as the Atacama Gravels (A. Tomlinson
et al., 1999). The contraction was developed diachronically during several deformation events or tectonic phases
(e.g., ca. 100-90, 65, and 40 Ma; Arriagada et al., 2008; Bascuiian et al., 2015; Cornejo et al., 2003; Mpodozis &
Ramos, 1990; Mpodozis et al., 2005; Somoza et al., 2012; Steinmann, 1929), which were usually accompanied
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by eastward migration of the magmatic arcs distributed in similar longitudinal positions during Upper Cretaceous
to Oligocene times.

3. Methodology
3.1. Surface and Subsurface Structural Interpretations

In order to understand the geometry and kinematics of the relationship between “inverted normal faults” and
“pure thrusting or newly formed pure thrust faults” during tectonic inversion, we analyzed three E-W oriented
cross-sections located on specific areas of the Domeyko Cordillera. The cross-sections correspond to the Sierra
de San Lorenzo-Calama Basin segment (blue box 1-CB, in Figure 1), the Cerro Islote-Salar de Punta Negra
Basin segment (blue box 2-SPNB in Figure 1), and the Potrerillos Fold and Thrust Belt-Salar de Pedernales
Basin segment (blue box 3-SPB in Figure 1). The cross-sections were made by integrating field and subsurface
data. The field data consists of geological maps constructed from the interpretation of satellite images and field
observations, integrated with stratigraphic and structural data from the literature (A. Tomlinson et al., 1999; A. J.
Tomlinson et al., 2018; Cornejo et al., 2013; Gonzalez et al., 2015). Geological contacts, strike and dip measure-
ments, stratigraphic thickness, and the position of faults and folds represent the main geological field information.
These data were combined with a series of industrial seismic profiles with the vertical axes in time, crossing
the above-mentioned Pre-Andean Basins and showing a continuity between some large structures exposed on
the surface and regional subsurface structures hidden under the Pre-Andean Basins. The 2-D seismic reflection
profiles were provided by the ENAP-Sipetrol exploration team. These were acquired between the 1970s—1990s
during the early oil and gas exploration of the Central Andean forearc and have been released for academic and
scientific purposes. More details about the processing, quality, and methods of the interpretation of this data can
be found in Martinez et al. (2018, 2019) and Martinez, Mufioz, et al. (2021).

3.2. Analog Models

The analog modeling experiments were carried out at the TOOLab (Tectonic Modeling Laboratory), which
is a joint laboratory between the Department of Earth Sciences of Firenze and the Istituto di Geoscienze e
Georisorse of the Consiglio Nazionale delle Ricerche, Italy. Specifically, the models were deformed under
extensional and compressional conditions, inducing a positive tectonic inversion, using a pure/simple-shear
deformational apparatus. Our models intend to simulate the tectonic and stratigraphic conditions presented in
Loépez et al. (2019, 2020) and Martinez, Lopez, and Parra (2020), which illustrated the geological setting between
the Domeyko Cordillera and Pre-Andean Basins as the result of positive inversion tectonics and pure shortening
faulting interplays. Particularly, our models simulated the pre-rift Paleozoic basement of the Domeyko Cordil-
lera, as well as (a) syn-rift sedimentation (Late Carboniferous to Mesozoic rocks), (b) post-rift sedimentation
(Upper Jurassic-Lower Cretaceous rocks), and (c) syn-shortening sedimentation (Upper Cretaceous-Cenozoic
rocks), with which it was possible to test the conditions that could have controlled the tectonic evolution of the
case study under consideration.

3.2.1. Experimental Setup

For the initial setup, an acrylic box with 1 cm-thick walls and internal dimensions of 25 cm X 25 cm X 6 cm was
used. It was placed on a rigid stainless-steel table which served as support and for the positioning of plates simu-
lating the direction of shortening or extension (Figure 2a). One of these plates corresponded to a rigid immovable
steel wall (fixed wall), while the extension and shortening were induced by a mobile wall (Figure 2a) controlled
by a stepper motor. The mobile wall was connected at the base to a plastic rectangular sheet (<1 mm thick) below
a basal ductile layer of polydimethylsiloxane (PDMS), inducing a basal velocity discontinuity (VD): it was used
to convert the motion of the mobile wall into a basal stretching of the PDMS layer, that is, inducing a model
deformation (Figure 1d). The VD was active only during the extensional phase, and disconnected during the
compressive phase. The shortening and extensional velocity was operated through a control console (Figure 2b).

During the model deformation, we acquired high-resolution (10MP) top-view photos (every 2 min intervals)
through a reflex camera (Canon EOS 1100D) mounted vertically above the model surface. Also, high-resolution
(10MP) section-view photos were acquired for all final cross-sections obtained from the models.
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Figure 2. Facilities and equipment used during the performance of the analog modeling experiments in the Tectonic Modeling Laboratory. (a) Initial preparation of the
acrylic box on the rigid table that will serve as a support for the modeling. (b) Control console. (c) The aa’ cross-section representing the setup setting to run the analog
models. (d) Scheme showing the plastic sheet and the position of the VD and the aa’ representative cross-section. PDMS: polydimethylsiloxane. VD: basal velocity

discontinuity.

Analog models underwent two deformation phases: (a) a first extensional phase (with or without syn-rift sedi-
mentation) followed by (b) a shortening phase (positive tectonic inversion). To better characterize and analyze
the extensional geometries, the first two models were stopped after the extensional phase. The summary of the
characteristics and parameters for each model carried out is presented in Table 1.

1. Initial setup (basal pre-rift sand) and extensional phase (syn-rift sedimentation): In the first phase, the models
focused on an initial orthogonal (Figure 2c) extensional phase (i.e., extension was applied orthogonally to the
VD and to the trend of the PDMS layer). The initial setup consisted of a 3 cm-thick brittle sequence (pre-rift
basal sand) composed of 70% quartz sand and 30% K-feldspar sand (70Qz-30Feld; Figure 2¢). Before incor-
porating the basal sand, a 1 cm-thick, 25 cm-long, and 8 cm-width ductile PDMS silicone layer was centrally
positioned on top of the VD, with an orthogonal arrangement to the direction of extension or shortening
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sand (Kaolinwerke-AKW feldspar FS 900 SF), which has a bulk density of ~1,000 kg m~3, an angle of internal
(peak) friction of 59°, a coefficient of friction u ~ 1.73 and cohesion of ~12 Pa (Del Ventisette et al., 2019;
Montanari et al., 2017). Despite its slightly higher cohesion with respect to the sand mixture used to simulate
basement rocks (Qz-Kfeld 70:30), the K-feldspar sand was chosen to represent the syn-rift to syn-shortening
deposition due to its low bulk density. K-feldspar sand was sieved homogeneously on the model surface, reaching
a uniform thickness of ~1 mm on the undeformed areas, while it increased proportionally in depocentres (thick-
ness was checked through transparent plexiglas box sidewalls).

Models were scaled to nature to achieve geometric and dynamic similarity (Hubbert, 1937; Ramberg, 1981). We
used an appropriate length scaling ratio (/*, with the asterisk denoting the ratio between the model and the natural
prototype) of 1073, This implies that 1 cm in the models corresponds to 1 km in nature. Consequently, the scaling
ratio of stress (6*) can be obtained from o* = [* g* p*, where g is the gravitational acceleration, and p is the rock
density. Considering that g* =1 (i.e., both model and prototype are experiencing the same gravitational accelera-
tion) and p* is ~0.53, the resulting stress scaling ratio ¢* is of the order of ~5.41 x 106, Kinematic similarity can
be addressed by scaling down to nature of the viscous PDMS layer. Considering a viscosity (7,,) of ~5 X 10* Pa s
for the PDMS and an average natural viscosity () ranging between 10'° and 10%! Pa s (e.g., Weijermars, 1986),
we obtain a viscosity scaling ratio (n* =7, /n,) of 10-15-10-1".

The velocity scaling ratio can be calculated through V* = e* [* = (¢* [*)/n*. Assuming a modeling velocity (V)
of 25 mm hr~!, we therefore obtain scaled natural velocities ranging between 0.2 and 20 mm yr~!, which are
in good agreement with velocity range of natural extensional settings and compressional thrust systems (e.g.,
Kukal, 1990).

Finally, it is worth mentioning that, as it normally occurs in analog modeling, common methodological limita-
tions are associated with our models (see Schellart & Strak, 2016). For example, an important limitation of our
models is the approximation of thermo-mechanical processes associated with extensional and compressional
setting to purely mechanical processes. Nonetheless, being our models performed at shallow crustal scale, the
relevance of this effect is somehow reduced.

4. Description of Surface Structures

4.1. Sierra de San Lorenzo-Calama Basin Segment

A limited number of structures have been recognized on the western most part of the Calama Basin (blue box
1-CB in Figure 1). Along the San Salvador River Canyon and the Cerros de Quetena (ca. 22°20-22°29’ Lat.
S) (Figure 3a), the main structure consists of a west-dipping monocline involving stratified sequences ranging
from the Carboniferous-Permian to the Upper Jurassic units (Collahuasi Fm., Tuina Fm., Caracoles Gr., Cerritos
Bayos Fm., respectively; A. J. Tomlinson et al., 2018; Duhart et al., 2018) (Figures 3b and 4a). Specially, the
Jurassic successions exhibit wedge-shape syn-rift deposits thicker to the west where they are folded, and are
locally affected by subsidiary normal faults (Figure 4c). At the Cerro Quetena, on the west part of the Calama
Basin (Figure 4b), a west-verging thrust fault system controls the location of the Jurassic and Triassic deposits
(Caracoles Gr. And Collahuasi Fm, respectively) at the surface. We described this thrust system as a break-back
thrust sequence (sensu R. W. H. Butler, 1987) (Figure 4b). These faults would provide the pathway for the
emplacement of some magmatic bodies, since the Eocene intrusive rocks are put in contact with Jurassic deposits
through thrust faults (Figure 4d). Furthermore, these thrusts would be part of an antithetic fault system to the
main structural domain, that can be recognized in EUCC91-04 seismic profile (see Figure 10). To represent
and highlight the first-order structures, we constructed a generalized E-W oriented cross-section (Figure 3b),
considering the structural characteristics recognized in the western border of the Calama Basin. In this profile,
an east-verging hanging-wall anticline is depicted. This type of structure would be associated with a fault-bend
fold related to a ramp-flat-ramp geometry in depth. In the Calama Basin, the detachment fault is below the cover
of recent sedimentary basin infill, and can be imaged and correlated in a EUCC91-04 seismic profile (see next
section). This fault would trend approximately NE and would limit the main positive topographic features of the
northwestern part of the basin.
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Figure 3. (a) Generalized geological map of the Calama Basin area and (b) XX’ geological cross-section. The stereographic projection shows the orientation of planes
and poles (black points) of measured bedding obtained from the stratigraphic units recognized along the XX’ geological cross-section and its respective fold analysis
(r corresponds to the fold axis). In panel (a), the location of the EUCC91-04 seismic line and XX’ geological cross-section presented in this study are shown. Modified
from Tomlinson et al. (2018). The XX’ cross-section is located between the Sierra de San Lorenzo and Calama Basin and the relationship between deposits and its
structural control stand out.

4.2. Cerro Islote-Salar de Punta Negra Basin Segment

The main structures are exposed in the Cerro Islote, the Sierra Vaquillas Altas, and the Sierra de Varas (blue
box 2-SPNB in Figure 1) located on the easternmost part of the Domeyko Cordillera (ca. 24°30-25°30" Lat.
S) (Figure 5a). In plain view, N-S striking bedding and doubly verging thrust faults are recognized, involv-
ing and exhuming both the Paleozoic crystalline basement rocks and the Upper Paleozoic and Mesozoic strati-
graphic sequences. The structural styles identified in this region are represented in a schematic E-W oriented
cross-section, where they show the relationship between thick-and-thin-skinned folds and faults (Figure 5b).
Initially, toward the westernmost and central parts (i.e., Cerro Islote and Sierra de Vaquillas Altas, respec-
tively), N-S striking narrow and upright anticlines-synclines are well exposed involving Triassic-Lower Jurassic
marine syn-rift deposits (Profeta and Quebrada del Salitre formations). Here, doubly verging thin-skinned folds
and thrusts related to intraformational detachment are the result of a buttressing effect (Figure 6). These folds
involve syn-rift strata and are kinematically associated with inversion anticlines-syncline created from the partial
positive reactivation of an early east-dipping Upper Paleozoic-Mesozoic normal fault (Figure 6¢). Evidence of
tectonic inversion is recognized along the Vaquillas Creek. In these outcrops, partially inverted east-dipping
normal faults, involving the Triassic and Jurassic syn-rift deposits, are preserved under the Cenozoic gravels

LOPEZ ET AL. 9 of 34
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monocline outcropping on the Sierra de San Lorenzo. (b) Break-back thrust sequence. (c) Syn-rift wedge geometry involving to the Jurassic sequences. (d) Thrust fault
as mechanism of the emplacement of the Eocene magmatic body.
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(Figure 7a). Some inversion-related faults, such as short-cut and back-thrust faults, are recognized as the result
of the inversion of half-graben basins (Figures 7b and 7c). The frontal limbs of the folds and the uppermost
part of the reactivated normal fault are unconformably overlain by the Upper Cretaceous-Paleocene synorogenic
clastic and volcanic deposits (Quebrada Mala and Chile-Alemania Fms.), thus constraining the timing of late
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Figure 5. (a) Generalized geological map of the Sierra de Varas and Salar de Punta Negra Basin and (b) the YY" cross-section area. The stereographic projection shows
the orientation of planes and poles (black points) of measured bedding obtained from the stratigraphic units recognized along the YY’ geological cross-section and its
respective fold analysis (z corresponds to the fold axis). The location of the MX03 seismic line and YY" cross-sections presented in this study are shown. Modified
from Gonzalez et al. (2015). The YY' geological cross-section is located between the Cerro Islote-Salar de Punta Negra Basin; the relationship between deposits and its

structural control stand out.

Cretaceous contraction (Figures 6a and 6¢). Immediately toward the east of the Cerro Islote and to the western
slope of the Sierra de Varas, the Upper Cenozoic gravels and volcanic deposits are widely exposed over a ca. 24
km-wide region. These deposits overlie through a marked angular unconformity (thus hiding) the Triassic-Upper
Jurassic folded and thrusted deposits (Figure 6b). Nevertheless, to the north, the flat surface of gravel deposits
is interrupted by the Sierra Argomedo, which is controlled by two opposite-vergence thrust faults (Figures Sa
and 5b). To the west, the Argomedo fault is an example of an east-dipping inverted normal fault; while to the
east, the Loreto fault corresponds to an inverted antithetic normal fault (Figure 5b). Both faults generate different
exhumation levels of the pre-rift basement and syn-rift deposits, which are also accompanied by depositional and
deformational geometries related to positive tectonic inversions of the rift basins. Finally, toward the easternmost
part of the cross-section, the structural style is mainly thick-skinned, composed of N-trending and doubly verging
thrust faults well exposed on the west and eastern flanks of the Sierra de Varas. On its western flank, two-parallel
west-vergence thrust faults are related to the extrusion and exhumation of the Carboniferous-Permian and
Triassic-Jurassic syn-rift deposits through “break back-thrust faults,” placing them in contact with the Neogene
gravels deposits (Figures 5b and 7d).
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Figure 6. Buttressing structures. (a) Buttressing fold involving Triassic syn-rift deposits underlying the Paleocene synorogenic deposits. (b) Detachment fold involving
Jurassic syn-rift deposits. (c¢) Idealized model of a buttressing structure with main structures and depositional geometries standing out.

4.3. Potrerillos Fold-and-Thrust Belt and Salar de Pedernales Basin Segment

To show the main structures highlighted in this segment (blue box 3-SPB in Figure 1), we constructed a simpli-
fied E-W-oriented cross-section located between the Llano San Juan and Pedernales Basin (Figure 8b). Here,
three different structural styles are well-exposed along with the Quebrada del Salado canyon (Figure 9). First,
normal faulting and depositional geometries related to an extensional regime are recognized. These faults consist
of inherited, N-striking and east-dipping normal faults. Its hanging-wall involves syn-rift deposits, which usually
show wedge shapes and are thicker close to the fault planes (Figures 9a and 9b). The syn-rift wedges mainly
involve the Carboniferous-Permian to Lower Cretaceous sedimentary and volcanic rocks (Figure 9c). Another
structural style consist of a hybrid NNE-striking and east-verging thin and thick-skinned thrust belt referred to
as the Potrerillos Fold and Thrust Belt, which affects the Carboniferous-Permian to Miocene sedimentary and
volcanic rocks (Figure 8). From west to east, the Barrancas fault consists of a west-dipping thrust fault that
superposes the pre-rift basement Paleozoic granitic rocks (Sierra Castillo Batholith) onto Mesozoic deposits
(Montandén and Asientos Formations and Cerro Vicuiiitas Beds) which are involved in an asymmetrical footwall
syncline (the Guanaco Muerto syncline; A. Tomlinson et al., 1999) (Figure 8b). Immediately to the east, the Rio
de La Sal, the El Choclo, and the El Buitre faults may be defined as a thin-skinned thrust system affecting mainly
the Upper Jurassic to Lower Cretaceous syn-rift sequence (Figure 9c). Within this system, the El Choclo fault
defines a “fault-bend fold geometry,” in which an east-verging hanging-wall anticline is exposed (Figure 9d).
Finally, another first-order structure is the Sierra Castillo fault, which has commonly been defined as a steeply
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Figure 7. Inversion structures. (a) The Vaquillas Creek exposing Triassic and Jurassic outcrops. (b) Partially inverted normal fault and short-cut fault. (c) Partially
inverted normal fault and back-thrust fault. (d) West-vergence thrust fault raising the Carboniferous-Permian volcanic rocks (hanging wall) over the Jurassic marine

deposits (footwall).

LOPEZ ET AL.

dipping strike-slip fault, juxtaposing Paleozoic crystalline rocks (pre-rift basement), to the east, with Middle
Jurassic-Lower Cretaceous sedimentary and volcanic rocks, to the west (A. Tomlinson et al., 1999; Niemeyer
& Munizga, 2008). The Sierra Castillo fault represents a structural boundary, separating two domains. To the
east, east-verging thrust faults are the main structures (e.g., the Potrerillos fold and thrust belt), whereas to the
west, a minor west-verging thrust fault system controls the western slope of the Domeyko Cordillera. In the latter
domain, the Kilémetro Catorce and Sierra Los Sapos faults affect Cretaceous volcanic and sedimentary rocks
exposed and limited to the western slope of the Domeyko Cordillera. Based on the observation that these thrust
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Figure 8. (a) Generalized geological map of the Potrerillos Fold and Thrust Belt and Salar de Pedernales Basin area and (b) the ZZ’ geological cross-section. The
stereographic projection shows the orientation of planes and poles (black points) of measured bedding obtained from the stratigraphic units recognized along the ZZ’
geological cross-section and its respective fold analysis ( corresponds to the fold axis). The location of the PD-03 seismic line and ZZ’ geological cross-sections
presented in this study are shown. Modified from Tomlinson et al. (1999). The ZZ’ geological cross-section is located between the Potrerillos Fold and Thrust Belt and

the Pedernales Basin.

faults are exposed to the west of the Sierra Castillo fault, both the Kilémetro Catorce and Cerro Contreras faults
may be considered as short-cut faults linked to the positive tectonic inversion of the Sierra Castillo fault as an
inherited and reactivated normal fault.

5. Seismic Interpretations of Subsurface Structures
5.1. Calama Basin

The structures under the Calama Basin have been interpreted from the EUCC91-04 seismic profile (Figure 10).
This profile has a length of 26.7 km between the Rio Loa Canyon and the westernmost slopes of the Cerros de
Ayquina (Figure 3a). The central section of the profile is composed by a prominent package of sub-parallel,
continuous, sub-horizontal, and high amplitude reflectors recognized between 0.7 and 2.5 s (two-way travel-time),
which are correlated to the volcano-sedimentary syn-rift fill deposited between the Carboniferous-Permian and the
early Upper Cretaceous (Collahuasi Fm., Tuina Fm., Caracoles Gr., and Tonel Fm., respectively; A. J. Tomlinson
et al., 2018). To the east, these reflectors reach a greater thicknesses and are truncated by a west-dipping inverted
normal fault. Both the seismic reflectors and the position of the fault may be defined as a half-graben basin.
Upon contact with the fault, the top of the syn-rift sequences is folded and locally elevated over its regional
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Figure 9. Some first-order structures exposed in the Potrerillos Fault and Thrust Belt. (a) Syn-rift wedge geometry involving Jurassic marine deposits. (b) Early normal
fault. (c) Possible east-vergence thrust fault as a detachment level; the white segmented lines, in panels (a and b), highlight the beds thicknesses variations. (d) El
Choclo fault as a “fault-bend fold,” in which a hanging-wall anticline is exposed.

datum, thus evidencing a partial and positive reactivation of a previous normal fault (Figures 10c and 10d). To
the east, a west-verging shortcut fault decapitates the main, partially inverted normal fault. The short-cut fault is
generated from an east-dipping inverted normal fault related to a second half-graben structure; subsidiary normal
faults control the syn-rift fill. Finally, the opposite-verging thrust faults affect both the Upper Cretaceous and
Oligo-Miocene reflectors. To the west, a series of east-verging thrust faults affect the basement and the basin
infill. Also, a minor intrusive body is emplaced along these structures.

5.2. Salar de Punta Negra Basin

To describe the structures buried below the southern Punta Negra Basin, we refer to the interpreted MXO03 seis-
mic profile (Figure 11). This cross-section reaches a length of 44.8 km and is located to the south of the Salar de
Punta Negra Basin, between the Sierra de Varas and the western flank of the Western Cordillera (Figure 5a). Its
interpretation allowed us to identify two tectonic domains. The first domain consists of east-verging faults located
under the eastern border of the Salar de Punta Negra Basin. The second domain consist of west-verging faults
located to the eastern border to the Salar de Punta Negra Basin. Within the east-verging faulting domain, the main
seismic feature consists of a package of parallel, continuous, horizontal, and high-amplitude reflectors identified
between ca. 0.5 and 1.8 s (two-way travel-time). These reflectors are associated with the syn-rift sedimentary
infill deposited between the Carboniferous-Permian and the Upper Jurassic (La Tabla, Sierra de Varas, Profeta
formations, respectively). To the east, the syn-rift reflectors are truncated by a partially inverted west-dipping
normal fault bounding a graben or half-graben basin. To the west of the seismic line, two east-verging thrust
faults affect reflectors associated with the basement and syn-rift sequences. These thrust faults expose the
Carboniferous-Permian and Triassic sequences along the eastern flank of the Domeyko Cordillera. Apparently,
semi-continuous and medium-amplitude reflectors located within the basement could correspond to a decolle-
ment level, which propagates as thrust faults. Also, both east-verging thrust faults generated subsidiary-structure
developed as “leading imbricate fan” thrust systems (sensu Boyer & Elliot, 1982); minor back-thrust faults depart-
ing from these same structures can also be recognized. In particular, within the west-verging faulting domain,
the structures consist of a interaction between west-verging thrust faults decapitating a previous west-dipping
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inverted normal fault. More specifically, the thrust faults correspond to shortcut faults, which formed as inver-
sion structures from a partially east-dipping inverted normal fault controlling the Carboniferous-Permian and
Triassic syn-rift deposits. Early minor and antithetic normal faults are recognized affecting the syn-rift fill of the
half-graben basin.

5.3. Salar de Pedernales Basin

To describe the structures under the Pedernales Basin, we refer to our description of the PD-03 seismic line,
which has also been complemented with the interpretations of the parallel PD-02 and PD-04 seismic lines
proposed by Martinez, Kania, et al. (2020) (Figure 12). This profile reaches a length of 36.9 km, and it is located
in the middle section of the Salar de Pedernales Basin, between the easternmost edge of the Potrerillos Fold and
Thrust Belt and the western slope of the Claudio Gay Cordillera (Figure 8a). The main features consist of pack-
ages of parallel, continuous, horizontal, and high to medium-amplitude reflectors recognized between ca. 1.0 and
2.0 s (two-way travel-time). This feature can be attributed to the Upper Jurassic syn-rift sedimentary fill. Below
these reflectors, a series of subparallel and diffuse reflectors would represent the earliest stages of syn-rift basin
fill (Carboniferous-Permian to Triassic syn-rift deposits). In the central section, all these syn-rift reflectors are
truncated by an east-dipping partially inverted normal fault related to the development of a half-graben basin.
Other west-verging tectonic inversion-related structures can be recognized, such as, a footwall shortcut thrust
and a hangingwall by-pass thrust that stand out to each side of this inverted normal fault. To the west of the
seismic line, east-verging thrust faults affect the syn-rift reflectors. Finally, a prominent structure consists of an
east-verging thrust fault, which decapitates an inverted normal fault, from a ramp recognized between ca. 3.0 and
5.0 s (two-way travel-time). Both east-verging thrust faults and east-dipping inverted normal faults are correlated
with the faults previously recognized by Martinez, Kania, et al. (2020) from two seismic sections parallel to the
PD-03 presented in this study.

6. Analog Modeling

A total of seven analog models are presented in this study (see Table 1 for details on modeling parameters).
Two of them were developed exclusively under extensional conditions, thus establishing the initial setup of all
the other models. The other five models were deformed through two superimposed deformational phases, a first
extensional phase and a following shortening phase (positive inversion). Specifically, four models reproduced
syn-rift sedimentation, and three were deformed under syn-shortening sedimentation.

6.1. Models ATM_01 and ATM_02: Initial Extensional Models, Without and With Syn-Rift
Sedimentation

Model ATM_01 (Figures 13a and 13b) experienced only extension without syn-rift sedimentation (Table 1).
In the final cross-section (Figure 13b), the main structures consist of two graben-type basins bounded by
opposite-dipping normal faults. A horst stands out as a central block between both basins, which presents a 10°
counterclockwise rotation around a horizontal axis. The dip of normal faults reaches an angle of approximately
70°. Antithetic and synthetic fault systems accommodate much of the subsidence within the graben basins. In
plan view (Figure 13a), these faults limit and control a series of internal sub-basins housed within the main graben
basins. However, the greatest subsidence is controlled by listric faults departing from the ductile silicone layer
(PDMS). Minor features correspond to antithetic reverse faults and are subordinate to the main normal faults.

Model ATM_02 (Figures 13c and 13d) experienced extension coupled with syn-rift sedimentation (Table 1). In
the final cross-section (Figure 13d), the main structures correspond to two graben basins bounded by a central
horst, and the development of two half-graben basins located toward each edge of a basal silicone layer. Similarly
to Model ATM_01, the central horst stands out for its counterclockwise rotation. The dip of normal faults reaches
a mean angle of approximately 70°, and occasionally, the lower segment of the listric fault attains an angle of 20°.
Antithetic and synthetic fault systems accommodate much of the subsidence within the graben basins. As in the
previous model, in plan view (Figure 13c), these faults limit and control a series of internal sub-basins located
within the main graben basins, which are characterized by the development of hanging-wall synclines. However,
the greatest subsidence is still controlled by the main listric faults. Interestingly, minor features correspond to
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a high-angle reverse fault accommodating the development of the hanging-wall syncline, as well as antithetic
reverse faults also affecting the syn-rift sedimentation.

6.2. Model ATM_03: Positive Inversion Model Without Syn-Rift Sedimentation

Model ATM_03 (Figure 14) experienced inversion, coupled with post-rift sedimentation phases but without
syn-rift sedimentation (Table 1). In the final cross-section (Figure 14c), normal faults are preserved after inver-
sion; nevertheless, the main structures consist of three double-verging low-angle (from 15° to 25°) thrust faults,
accommodating much of the shortening. One of these thrusts consists of a short-cut fault, which nucleated from
the lower segment of a listric normal fault localized at the left of the cross-section and with an opposite vergence
to the sense of shortening. The other two faults correspond to thrust ramps decapitating early normal faults. The
latter two thrust structures have a same vergence with respect to the sense of shortening and their nucleation is
controlled by the boundary between the ductile silicone layer (PDMS) and the pre-rift basal sand. In plain view,
these structures generate the main topographic features (Figure 14b), affecting the model from the pre-rift basal
sand to the post-rift sedimentation. Minor back-thrust faults only affect the post-rift coverage.

6.3. Model ATM_04: Positive Inversion Model With Syn-Rift Sedimentation

Model ATM_04 (Figure 15) investigated tectonic inversion accompanied by syn-rift sedimentation prior to the
shortening (Table 1). In the final cross-section (Figure 15c), the main structures formed after inversion consist
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the distribution of the normal faults, inverted normal faults, and pure thrust faults. Note the pure thrust faulting (red lines), mainly as short-cut fault, break-back thrust
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of three thrust faults. The first one corresponds to a short-cut fault nucleating from the lower segment of a listric
normal fault localized in the left part of the cross-section. This structure presents a convex shape with an average
dip of 20° and with a vergence opposite to the direction of shortening. The second structure consists of a thrust
system with an inclination of about 40° and vergence in the direction of shortening. This fault decapitates early
and partially inverted normal faults, thus generating the major topographic feature, transporting the extensional
depocenters (or graben basin) on the hanging-wall block. The third thrust fault has an average inclination of 40°
and a vergence opposite to the sense of shortening. This structure decapitates the base of the normal faults that
controlled the preserved extensional depocenters after the inversion (to the right of the cross-section, Figure 15c¢).

6.4. Models ATM_05 and ATM_06: Positive Inversion Models With Syn-Rift and Syn-Shortening
Sedimentations

Model ATM_05 (Figures 16a—16¢) experienced positive inversion and involved both syn-rift and syn-shortening
sedimentations (Table 1). The deformation velocity was 25 mm/hr generating an approximate shortening of
2.7 cm. In the final cross-section (Figure 16c), the major structural feature corresponds to a graben basin filled
by the syn-rift sediments, extruded, and transported over the hanging wall of the main thrust faults. The main
structures are two low-angle thrust faults affecting both the pre-rift basal sand and the syn-rift sediments. The
first, corresponds to a short-cut fault nucleating from the lower segment of a normal fault located at the left of the
cross-section; its vergence is opposite to the main shortening sense. The second, represents a thrust fault which
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generates the greatest displacement and the greatest topographic expression. This fault causes the decapitation
and the transportation of early normal faults. A minor third thrust fault is truncated by the main thrust fault, gener-
ating a triangular zone. The latter thrust fault has an opposite-vergence to the main shortening sense and decapi-
tates early normal faults. Minor double-verging thrust faults affect the syn-rift sedimentation and syn-shortening
sediments reaching the model surface (Figure 16c). Apparently, these faults are generated at the contact between
the syn-rift sediments and the pre-rift basal sand, and correspond to a back-thrust fault with an associated pop-up
structure. Finally, growth strata-related geometry in the syn-shortening sediments is recognized. This geometry
is located in the footwall of the thrust fault and is characterized by the variation in the dip of the syn-shortening
sedimentation.

Model ATM_06 (Figures 16e—16g) corresponds to an inversion model that incorporated syn-rift and syn-shortening
sedimentations. Unlike the model ATM_05, in Model ATM_06, the deformation velocity was 50 mm/hr gener-
ating an approximate shortening of 4.0 cm (Table 1). In the final cross-section (Figure 16g), the main structures
are inherited normal faults, partially inverted normal faults, and double-verging thrust faults. The thrust faults
consist of short-cut faults and a thrust fault with dip ranging from 25° to 45° affecting the pre-rift, syn-rift, and
syn-shortening model sediments. The short-cut faults nucleate from the lower segment of border-normal faults
in the left side of the graben basin and exhibit opposite vergence to the main shortening sense. The thrust fault
accommodates most of the shortening and decapitate both early normal faults and partially inverted normal faults.
This deformational process induces transport and uplift of the graben basin and the syn-rift sedimentary fill over
the hanging-wall of the thrust fault. The vergence of this thrust fault is concordant to the shortening sense. Its
inclination varies with depth, being 25° in the pre-rift segment, and decreasing to 15° in the syn-rift-syn-short-
ening segment. Another important minor feature are partially inverted faults, which cause inversion anticlines (or
harpoon structures) involving the syn-rift sediment (Figure 16g).

6.5. Model ATM_07: A Positive Inversion Model With Syn-Rift, Post-Rift, and Syn-Shortening
Sedimentations

Model ATM_07 (Figure 17) is another inversion model that incorporated syn-rift sedimentation, post-rift sedi-
mentation, as well as syn-shortening sedimentation (Table 1). In the final cross-section (Figure 17c), the main
structures consist of inherited normal faults, partially inverted normal faults, and double-verging thrust faults.
Two parallel-thrust faults generated the greatest shortening and the greatest topographic expression. In general,
all compressional structures dip between 35° and 30°. These thrust structures correspond to a thrust ramp decap-
itating early normal faults generating a prominent pop-up structure, affecting both the pre-rift basal sand and the
syn-shortening sediment. Also, short-cut faults were generated from the border-normal faults that control the main
graben basins. Similarly to the previous models, the thrust fault caused transport and exhumation of the graben
basin and the syn-rift sedimentary fill, on the hanging wall of the thrust fault. Other inverted structures are
restricted to some partially inverted normal faults. Among these, a structure related to positive inversion of the
syn-rift sedimentary fill corresponds to a “harpoon structure” (sensu McClay & Buchanan, 1992), generating the
folding (anticline structure) of the syn-rift sedimentation (Figure 17d).

7. Discussions
7.1. Structural Style Controls: Insights From Analog Models

Geometries and kinematics of the structures obtained from our laboratory experiments are dependent on the kind
of sedimentation and the relationship between velocity and the amount of shortening applied. The interplay of

Figure 16. Model ATM_05 and Model ATM_06. Model ATM_05 consists of a positive inversion model, involving both, the syn-rift sedimentation and syn-shortening
sedimentation. (a and b) The images show the final state of the extensional phase, and the final shortening phase, respectively, in plan-view. (c) The image shows the
final BB’ cross-section of the inversion model, interpreting the distribution of the normal faults, inverted normal faults, and pure thrust faults. Note the pure thrust
faulting (red lines), mainly as short-cut fault, break back thrust faults by the change in transport direction, thrust ramp decapitating early and inverted normal faults,

and normal fault localizing thrust-ramp. (d) The black box highlights a depositional geometry related to growth strata. Model ATM_06 corresponds to an inversion
model, which incorporates syn-rift and syn-shortening sedimentations. (e and f) The images show the final state of the extensional phase, and the final shortening phase,
respectively, in plan-view. (g) The image shows the final AA’ cross-section of the inversion model, interpreting the distribution of the normal faults, inverted normal
faults, and pure thrust faults. Note the pure thrust faulting (red lines), mainly as short-cut faults, thrust ramp decapitating early and inverted normal faults, and partially
inverted faults, causing (h) inversion anticlines (or harpoon structure) involving the syn-rift sedimentations.
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the structures formed during the extensional and shortening phases result in structural styles that may be homolo-
gated to natural cases such as those proposed in this study.

7.1.1. Structural Styles Developed During the Initial Extensional Phase

The distribution of high-angle faults and listric normal faults during the initial extensional phase is controlled by
the rheological difference between the basal silicone layer (PDMS) and the pre-rift basal sand. This ductile/brittle
interface is a favorable horizon for the nucleation of extensional structures and represents the basal detachment
level. Thus, normal faulting may be compared to a typical model of cortical extension proposed by Parson and
Thompson (1993), in which the formation of listric normal faults is induced by rheological changes. In this way,
the position of the ductile silicone layer conditions the development of normal faults, and in turn, the formation
of graben or half-graben basins. Specifically, two graben basins separated by central block-horst represented a
common outcome (see Models ATM_01 and ATM_02; Figure 13). This structural pattern, together with the
associated normal faults, will become part of inherited structures, some of which will be partially inverted during
the shortening phase. Other subsidiary structures during the extensional phase are hanging-wall synclines and
some reverse faults (see Model ATM_04; Figure 15). Generally, these structures form as secondary accommoda-
tion structures of the main high-angle normal fault, or specifically, from the master normal faults that bound the
graben or half-graben basins (Imber et al., 2003; Xiao & Suppe, 1992).

7.1.2. Structural Styles Developed During the Shortening Phase

The structural styles developed during the shortening phase are dependent both the syn-rift sedimentation as
well as the syn-shortening sedimentation. On the one hand, incorporation of the syn-rift sedimentation affects
the pattern and the kind of structure that may develop during the shortening phase. Specially, Models ATM_03
and ATM_04 (Figures 14 and 15) present differences in kind, distribution, and number of structures developed
during the shortening phase. This may be due to the load generated by the syn-rift sedimentation (incorpo-
rated in the model ATM_04). For example, the syn-rift fill could be a controlling part of the positive tectonic
inversion, accommodating some of the initial shortening induced by reactivated early normal faults. Also, the
syn-rift accumulation tends to form break-back thrusts-like structures, thus generating a greater topographic
expression. On the other hand, the shortening phase is strongly dependent of the syn-shortening sedimentation
(incorporated in the models ATM_05, ATM_06, and ATM_07). This accumulation conditions the formation of
double-verging thrust faults from inverted faults or as back-thrust faults. These structures could be explained
by a displacement transferred from deeper faults to superficial levels. Furthermore, faults affecting the pre-rift
basal sand would vertically transfer deformation toward the syn-shortening sedimentation inducing a lateral and/
or horizontal deformation (Medwedeff, 1990; Mount et al., 2011; Shaw et al., 2004). Compressional structures
linked to the positive inversion consist of (a) short-cut faults, (b) partially inverted normal faults, (c) inversion
anticlines, and (d) newly formed pure thrust faults. Usually, the short-cut faults (a) have an opposite-vergence to
the shortening direction, and nucleate from the lower-dip segment of the normal faults located toward the left
edge of each developed inversion model (Figures 14—17). The partially inverted normal faults (b) are the result
of an inversion of the east-dipping normal faults (or to the right of the cross-section), which control graben
structures. In turn, these basins expose inversion-related anticlines (c), showing an apparent arrowhead geometry
or harpoon structure (Williams et al., 1989) (see Models ATM_06 and ATM_07) and with a wedge-shape that
thickens toward the partially inverted right-dipping normal faults (Figures 16 and 17). Finally, newly formed pure
thrusts (d) originate from a detachment level between the ductile silicone layer (PDMS) and the pre-rift basal
sand. In the latter structures, (a) thrust ramps decapitate early or inverted normal faults, (b) break-back thrust
faults, and (c) normal faults localizing thrust-ramps may be differentiated. Furthermore, some back-thrust faults
may generate pop-up structures, mainly affecting the syn-shortening sediments. Both “thrust ramp decapitating
early or inverted normal fault” and “break-back thrust faults” kinematically correspond to thrust systems, and
thus generate the greatest shortening and the greatest topographic expression. Occasionally, these structures
generate prominent pop-up structures (see Model ATM_07; Figure 17), affecting all the model thickness, from
the pre-rift basal sand to the syn-shortening sediments. Therefore, four first-order structural styles are recognized
as common and recurring deformational features after the shortening phase: (a) Early or inverted normal faults,
(b) preserved graben basins transported as part of hanging wall (e.g., thrust ramp decapitating early inverted
normal faults) and lifted by (c) newly formed thrust faults, which may uplift the pre-rift basal sand-blocks and the
syn-rift fill to upper levels, and finally, (d) growth-strata geometry in the syn-shortening sedimentation generated
into the footwall of the thrust fault (see Model ATM_0S; Figure 16).
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Regarding the effect of the shortening velocity, the highest velocity (50 mm/hr, see Model ATM_06) resulted in a
comparatively lower number of newly formed thrust faults (only four opposite-verging thrust faults) with respect
to models deformed at lower shortening velocity. Also, the development of folds during the syn-shortening sedi-
mentation was small or almost absent; however, pure thrust faulting developed from a higher shortening velocity
may have generated the largest exhumation of the pre-rift basement (Figure 16).

7.1.3. A Generalized Kinematic Model

By comparing and integrating our modeling results and the interpreted structural styles for each model, we
propose a generalized kinematic model (Figure 18) considering an extensional phase, going through a positive
tectonic inversion phase, to a final shortening phase. On the one hand, Figure 18a represents a generalized model
developed in an initial extensional phase, which is characterized by widespread normal faulting and accompanied
by accumulation of the syn-rift fill of graben and half-graben basins. Here, two kinds of normal faults stand out.
To the right, the high-angle faults develop hanging wall synclines accommodating the extensional faulting. To
the left, the low-angle faults are characterized by a listric geometry. A series of antithetic and synthetic normal
faults mainly accommodate the extension (or subsidence) within the graben basins. On the other hand, Figure 18b
represents a generalized model developed from a positive tectonic inversion of the previous extensional phase.
Here, two structures stand out: (a) early and partially inverted normal faults and their syn-rift geometry-related
deposits, and (b) newly formed pure thrust faulting. The first structure corresponds to the partial inversion of
previous normal faults and represents the initial phase of positive inversion and exhumation of the syn-rift depos-
its. The second structures represent pure thrust faults and consists mainly of low-angle double-verging thrust
faults. The newly formed thrust faults generate the greatest shortening, the greatest exhumation, and decapitate
early or partially inverted normal faults, transporting them along their hanging wall. Moreover, its flat-ramp-
flat geometries generate a counter-clockwise rotation of the blocks, rotating the inclination of the early inverted
normal faults. Pure thrust faulting represents the final phase of shortening. These structures transport and uplift
the pre-rift basement and the syn-rift deposits as an inherited passive tectonic block. As the compressional regime
continues, deformation propagates with a same-vergence to the shortening direction. However, opposite-verging
short-cut faults are also recognized. These faults may be generated as an opposite response to the continuous
shortening or due to a critical state of maximum shortening. Considering the top of the syn-rift deposits as a
reference marker of deformation for each phase of the model (Figure 18c), thus, we propose two interpretations
related to the inheritance of the structural features. After the shortening phase, (a) the maximum formed eleva-
tions are due to the uplift and the transport of the syn-rift fill (Graben basin 1 in Figure 18c) located to the left
of the model, evidencing the inheritance of the extensional structures and the syn-rift accumulation. (b) Graben
basin 2 is hidden below the main east-verging thrust fault, preserving the early and partially inverted normal faults
(Figure 18c).

Similar models obtained from the analog models experiments have been proposed to understand basin inversion
and the role of inherited extensional geometries in the generation of newly formed thrusts in some examples of
typical orogens worldwide (Del Ventisette et al., 2005, 2006; Jara et al., 2017; Martinez & Cristallini, 2017; Sani
etal., 2007; Zwaan et al., 2022; among others). For example, Bonini et al. (2012) suggest that newly formed thrust
faults are the preferential structures developed after positive tectonic inversion. These structures are defined as
“hangingwall breakthrough” faults, dipping oppositely to the inverted faults and similarly to the back-thrust
faults accommodating hangingwall deformation above thrust-ramp faults. Other studies (McClay et al., 2000;
Munteanu et al., 2014) ratify that the pre-existing extensional domain is strongly influenced by the geometrical
distribution of weak rheological inheritance, where deformation concentrates as active indenters that impose
different thrusting vergences along the strike of the system.

7.2. Comparison of Models With the Structures Identified in the Domeyko Cordillera

The aim of performed analog models is to compare early normal faults, inversion structures, and pure thrust
faulting with those structures recognized in the studied area by means of fieldwork and 2-D seismic profile inter-
pretation. Specifically, to compare geometries and kinematics with structures that induced the orogenic growth
of the Domeyko Cordillera, and even, to understand the initial uplift of the western flank of the Central Andes.
The structural styles and distribution of faults that controlled the Domeyko Cordillera were strongly dependent on
the inherited structures and pure thrust faulting (see Sections 4 and 5). For example, early basement normal faults
were reactivated as high-angle reverse faults, thus generating regional-scale inversion anticlines and expelled

LOPEZ ET AL.

27 of 34

3SUR0 | SUOWILLOD dAIIER1D) 3|qedl|dde ayy Ag pausenob afe S3ie YO ‘9N JO Sanl 1o} Arlq 1 8uljuQ A8|1AA UO (SUOIIIPUOD-PUR-SWIBI WO AB 1M AReIq 1 pUI|UO//SdNY) SUORIPUOD pUe SWid | 8y} 39S *[£202/S0/70] Uo Arlgi auliuQ AB[IM ‘Niad aue1yoo) Aq 8/€/000 12202/620T 0T/I0p/wod As|im Areiq 1 puljuosgndnbe//sdiy woly papeojumod ‘2T ‘2202 ‘6 T6Vr6T



A~ .
Fa\C 1o Tectonics 10.1029/2022TC007378

ADVANCING EARTH
AND SPACE SCIENCE

0 1 2cm
E ‘ » Hemi-graben basin
Extensional phase and

syn-extensional sedimentation Hanging-wall
sincline

_,l(_

Graben

Graben
basin

EXTENSIONAL PHASE

PDMS

t -rift t -rift
\{ normal fault \\ reverse fault - b(;';;r:a?.d - segi':nsgr:‘tartlion
‘ POSITIVE TECTONIC INVERSION ‘
Uplift- and shortening- related » ‘
SHORTENING tectonic block system | Shortening phase and

ted with the D k il
comparated with the Domeyko Cordillera syn-shortening sedimentation

0 1 2cm

western flank eastern flank

\‘ normal \\newly-formed
fault thrust fault

\ reverse fault \ inverted
\developed in \ normal
extensional fault
stage

top pre-rift
basal sand

Thrust
decapitation

top syn-rift
sedimentation

SHORTENING PHASE

top syn-shortening
sedimentation

top syn-shortening
sedimentation

Graben basin 1
SHORTENING exhumed and East-verging

19.42% transported by thrust fault Shotr]t:sn;ng .
= east-verging A P Py Extensional IS
© N = - - thrust decapitation H : phase S
~ fault : : A ~
Initial state H
O o i e e e e A T TR —_ o = = Sl e o)
o~ : o~
H Graben H :
EL basin v L Graben basin : -
H (U] :
~ H Location of ¥ —
v border fault
Location of (east-dipping inverted Graben basin 2
border fault normal fault) during preserved under
i the final stage of the east-verging
o - o
(east-dipping normal shortening phase thrust fault

fault) during the

c final stage of the
extensional phase
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syn-rift sequences from the half-graben structures. Furthermore, some inverted structures transferred the defor-
mation to the late Cretaceous-Cenozoic synorogenic cover. In some locations, the high-angle partially inverted
faults were decapitated and transported on hanging walls of thrust faults.

7.2.1. Structures Exposed on the Western Flank of the Domeyko Cordillera

A first comparison is associated with early inverted normal faults and the geometry of the syn-rift deposits
(see the proposed model in Figure 18a), linked to extruded Mesozoic extensional basin fills and their associ-
ated structures. In particular, these structures show deformational features, such as west-verging inverted or
partially inverted normal faults, inversion anticlines, and buttressing structures, among others. Notable examples
are exposed on the western flank of the Domeyko Cordillera: specifically, to the west of the Calama Basin, to
the west of the Salar de Punta Negra Basin, and the west of the Potrerillos Fold and Thrust Belt (see Section 4).

In addition, on the western flank of the Domeyko Cordillera, some of these high-angle master normal faults,
defined as part of the Domeyko Fault System, have been previously interpreted as the product of strike-slip
faulting (e.g., West Fault, Sierra de Varas Fault, and Sierra Castillo faults; see Figures 3, 6 and 10, respectively).
Within this system, faults put Paleozoic basement rocks in contact with Mesozoic and Cenozoic sequences, and
thus, it is questionable that essentially strike-slip structures may bring geological units of such dissimilar ages into
contact and explain the orogenic growth, especially during the Upper Cenozoic. Rather, the relationships between
this kind of faulting and its syn-rift deposits would respond to an inversion mechanism and subsequent extrusion
of half-graben basins. When comparing the structural styles resulting from the analog models with the geometry
of faults exposed on the western flank of the Domeyko Cordillera, the Domeyko Fault System may be redefined
as the ancient border fault system of those rift basins active during the Carboniferous-Permian to Lower Creta-
ceous (Espinoza et al., 2018; Lépez et al., 2020; Martinez, Lopez, & Parra, 2020). In this interpretation, early
east-dipping normal faults, associated with rifting, and west-verging inverted normal faults induced by the posi-
tive tectonic inversion of the rift basins have been preserved as structural limits of ancient tectonic blocks. These
structures accommodated and controlled the initial stages of tectonic shortening and therefore, the initial orogenic
growth of the Domeyko Cordillera. Normally, on the western flank of the Domeyko Cordillera, the folded Juras-
sic syn-rift successions are truncated by east-dipping inverted normal faults that could have resulted from the
partial inversion of the Jurassic rift basins. These structures were reported by Lépez et al. (2019) from a seismic
profile interpretation which recognized partially inverted faults, immediately to the west of this study area. Simi-
lar interpretations along this segment were proposed by Amilibia et al. (2008) and Espinoza et al. (2021). These
authors concluded that the Paleozoic and Mesozoic extensional faults exerted a marked control over the struc-
tural style in the orogenic growth of the Domeyko Cordillera. Therefore, an important control of a west-dipping
inverted normal fault was proposed for the development of rift basin and its subsequent tectonic inversion (i.e.,
fault defined as the Grab Llano fault in Amilibia et al. (2008) and as the Profeta fault in Gonzalez et al. (2015),
Espinoza et al. (2021), and this study).

This deformation pattern is also consistent with the West Vergence Thrust System (Farias et al., 2005) observed
on the western flank of the Altiplano in northern Chile and structures recognized to the east of the Pampa del
Tamarugal (Fuentes et al., 2018; Martinez, Fuentes, et al., 2021). Examples of inverted structures, as first-order
mechanisms that have determined the style of tectonic inversion during relevant phases of orogenic growth, may
be recognized in other orogenic chains such as the Apennines (Bonini et al., 2012; Del Ventisette et al., 2021;
Scisciani, 2009; Vezzani et al., 2010), the Neuquén Basin and Salta Rift from the Argentinian Andes (i.e.,
Calderon et al., 2017; Giambiagi et al., 2008; Kley et al., 2005; Mescua & Giambiagi, 2012; Perez et al., 2016),
and the western Alps (Welbon & Butler, 1992), among others. Specifically, along the western margin South
American, the tectonic inversion of the Mesozoic extensional basins played an important role during the initial
stages of the uplift of the Central Andes.

Although, we have interpreted the structures exposed mainly on the western flank of the Domeyko Cordil-
lera as the result of the partial inversion of early normal faults, and subsequently, decapitated and transported
by the east-verging thrust faults, we do not rule out a role of strike-slip faulting (Mpodozis & Cornejo, 2012;
Niemeyer & Urrutia, 2009; Reutter et al., 1991). The oblique plate convergence (Pardo-Casas & Molnar, 1987),
the high-angle of these faults, and the lubrication caused by the emplacement of subvolcanic intrusives (Boric
et al., 1990; Maksaev & Zentilli, 1988; Mpodozis & Cornejo, 2012; Mpodozis et al., 1993) played a fundamental
role as strike-slip fault reactivations. However, the strike-slip faults are not the first-order structures associated
with the relevant uplift events that led to mountain building of the Domeyko Cordillera.
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7.2.2. Structures Exposed on the Eastern Flank of the Domeyko Cordillera

A second comparison is associated with the newly formed pure thrust faults (see the proposed model in Figure 18b).
On the basis of the interpretations from the analog models, one of the main mechanisms for generating short-
ening and uplift is related to low-angle thrust faulting. Structures with such kinematic and geometric character-
istics were recognized in our three proposed segments studied. Specifically, in the Domeyko Cordillera and the
Pre-Andean Basins transitional zone, the seismic lines show east-verging thrust faults (see Figures 10-12), which
constitute a first-order structural control and a marked structural boundary between these morpho-tectonic units.
Here, low-angle thrust faults may decapitate inherited and partially inverted normal faults preserving syn-rift
deposits under the late Cretaceous-Cenozoic synorogenic sequences that filled the Pre-Andean Basin. Similarly,
to the westernmost section, west-verging thrust faults decapitate preserved extensional structures. This kind of
structural style has been related to basins described as “doubly vergence inverted basins” which are characterized
by non-extruded depocenters during positive tectonic inversion (Jara et al., 2017).

The term “thrust decapitation” was proposed for other orogens in the world to indicate the effects of variations
of rift basin geometry on the development of thrust belts. These structures resulted from inherited rheologi-
cal weakness, such as evaporitic stratigraphic levels, reservoirs of magmatic arcs, and previous inverted listric
normal faults. The latter may be propagated as a short-cut fault (Pace et al., 2014) and thrust ramp decapitating
an early or inverted normal fault (e.g., Coward et al., 1991; Scisciani, 2009; Tavarnelli, 1996). For example, in
the French Alps (Welbon & Butler, 1992), the early normal faults were affected by the thrust, thus generating
variations in early fault geometries, and forming thrust belts. The geometries of late thrust induced a wide variety
of structural forms. Also, in the Apennine chain (Italy), Scisciani (2009) revealed that steeply E- and W-dipping
Mesozoic-Cenozoic normal faults are systematically decapitated by sub-horizontal or gently west-dipping thrusts
propagating with short-cut trajectories. Also, in the Apennine chain (Italy), Del Ventisette et al. (2021) proposed
an interaction between the Quaternary faults and the pre-existing low-dipping thrusting faults.

7.2.3. The Relationship Between Inverted Normal Faults and Pure Thrusting

If we consider the interpretations of analog models and the seismic lines, the east-verging thrust systems proposed
here could be also considered as “a long-scale thrust decapitation system.” Such thrust decapitation would also
affect the high-angle inverted normal faults exposed on the western flank of the Domeyko Cordillera. In this
way, the structures exposed on the western flank of the Domeyko Cordillera register, particularly, three struc-
tural styles related to their kinematic nature: (a) normal faulting generated during the extensional regime from
the Permo-Triassic to the Lower Cretaceous. (b) Inversion or partial inversion of these normal faults during the
Upper Cretaceous positive tectonic inversion, associated with the late Cretaceous Peruvian Tectonic Phase, which
generated high-angle and west-verging inverted normal faults. (c) Decapitation and transport of such inverted
faults on the hanging-wall of east-verging thrust faults, as a consequence to continuous shortening, possibility
related to the Eocene-Oligocene Incaic Tectonic Phase. This mechanism would control the exhumation of Pale-
ozoic basement blocks, such as those exposed in the Sierra de Limdn Verde and the Sierra de Castillo. On the
eastern flank of the Domeyko Cordillera, the east-verging thrust decapitation faults would form a geometry of
fault-bend folds defined by ramps-planes-ramps. In the same way, half-graben basins were hidden under the late
Cretaceous-Cenozoic synorogenic coverage that filled the Pre-Andean Basins. Thus, the greatest shortening and
the greatest topographic features throughout the entire Andean forearc may be related to this deformation mech-
anism, playing a fundamental role in the uplift of the Domeyko Cordillera and the formation of the Pre-Andean
Basins. For this thrust system, we suggest a detachment level associated with the rheological boundary between
the brittle crust and the ductile crust at a depth of approximately 20 km (Bloch et al., 2014). If it is assumed that,
after the Peruvian Tectonic Phase, the forearc underwent a thermal episode related to the emplacement of igneous
bodies, these would have constituted a favorable detachment level controlling the thrusting in the upper crust. At
the latitude of the Calama Basin, this nucleation or detachment level may be correlated with the Calama Bright
Spot reflector analyzed in the PRECORP regional seismic profile that runs E-W (Yoon et al., 2003, 2009).

8. Concluding Remarks

The architecture and geometry of structures that control the orogenic growth of the Domeyko Cordillera is the
result of a long-term complex history of superimposed tectonic events. However, the relationships, areal distri-
bution, and kinematic nature of structures are barely known and difficult to understand. Based on analog models,
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seismic line interpretations, and new structural field data presented in this study, we present new results and new
ideas that may help to improve the understanding of the Domeyko Cordillera and may also offer new knowledge
about the evolution of the Andean forearc of the Central Andes. Our most relevant results are summarized as
follows:

1. The Domeyko Cordillera is interpreted as an uplift- and shortening-related tectonic block system, which has
interacting west-verging high-angle inverted normal faults and east-verging thrust decapitation faults. Our
analog models geometrically replicated the distribution and the kinematics of exposed structures on each
flank of the Domeyko Cordillera, thus suggesting that mountain building was induced, in its initial stage,
by positive tectonic inversion of the rift basins. Furthermore, newly formed pure thrusts are the dominating
structures during orogenic development after tectonic inversion.

2. Our analog models replicated extensional conditions, which are preserved after tectonic inversion. Based on
seismic line interpretation and fieldwork data, this kind of extensional inheritance is related to early normal
faults and syn-rift deposits. These features were recognized in the deep structure of the Pre-Andean Depres-
sions (e.g., Salar de Punta Negra and Pedernales basins), staying hidden under the Cenozoic syn-orogenic
deposits.

3. The distribution of the first-order structures exposed on both flanks of the Domeyko Cordillera is similar to
the structures performed in our analog models. High-angle partially inverted normal faults are dominant in the
western flank, while east-verging thrust decapitation faults are exposed on the eastern flank of the cordillera.

4. The east-verging thrust decapitation faults generated the greatest shortening and uplift on this side of the
Andean forearc. Also, these thrust faults decapitated to high-angle inverted normal faults, which are
well-exposed in the western flank of the Domeyko Cordillera.

5. The Domeyko Fault System geometry exposed on the western slope of the Domeyko Cordillera was compared
with our analog models, being interpreted as a result of a polyphasic deformation. Thus, its kinematic nature
is characterized and differentiated in three different stage. First, the Domeyko Fault System was controlled
by normal faulting generated during an extensional regime. Then, their structures were inverted or partially
inverted during a positive tectonic inversion, generating high-angle and west-verging inverted normal faults.
Finally, these structures were decapitated and transported on hanging-walls of east-verging thrust decapitation
faults.
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