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A B S T R A C T

The Frontal Cordillera in northern Chile is located over the flat-slab subduction segment of the Central Andes.
This tectonic province is characterized by a thick-skinned structural style showing evidence of tectonic inversion
and basement-involved compressive structures. Field data, U-Pb geochronological and apatite fission track data
were used to unravel partially the tectonic history of the area. Previous U-Pb ages of synorogenic deposits
exposed on the flanks of basement-core anticlines indicate that Andean deformation started probably during Late
Cretaceous with the tectonic inversion of Triassic and Jurassic half-grabens. New U-Pb ages of the synorogenic
Quebrada Seca Formation suggest that this deformation continued during Paleocene (66-60 Ma) with the reverse
faulting of pre-rift basement blocks. The analysis of new apatite fission-track data shows that a rapid and coeval
cooling related to exhumation of the pre-rift basement blocks occurred during Eocene times. This exhumation
event is interpreted for first time in the Chilean Frontal Cordillera and it could have occurred simultaneously
with the propagation of basement-involved structures. The age of this exhumation event coincides with the
Incaic orogenic phase, which is interpreted as the most important to the Central Andes in terms of shortening,
uplift and exhumation.

1. Introduction

The Central Andes of northern Chile between 27° and 28°S (Fig. 1)
are located over the so-called “Pampean” flat-slab subduction segment
defined originally by Baraganzi and Isacks (1976), which is mainly
characterized by a volcanic gap on the Chilean side, as well as by the
occurrence of a mixed thick- and thin-skinned deformation style
(Jordan et al., 1983; Moscoso and Mpodozis, 1988; Mpodozis and Kay,
1990; Ramos et al., 2002; Martínez et al., 2016, among others). Here,
the deformed belt is divided into two large, NNE-oriented tectonic
provinces: the Coastal Cordillera and the Frontal Cordillera (Fig. 1). The
tectonic evolution of both provinces was marked by a series of geolo-
gical processes that include extensional deformation creating back-arc
basins during Mesozoic times (Triassic-Jurassic; Mpodozis and Ramos,
2008), and compressional tectonic episodes and magmatism, which
created thrust systems that led to shortening and thickening of the
continental margin during the Cenozoic (Mpodozis and Ramos, 1989;
Ramos et al., 2002; Ramos, 2009). Both tectonic processes (extension

and compression) are mostly associated with the westward South
America plate motion, changes in the convergence rate between the
oceanic pacific plate and South America, as well as by the coupling
between both plates (Moscoso and Mpodozis, 1988; Mpodozis and
Ramos, 1989; Ramos et al., 2002; Ramos, 2010; Ramos and Folguera,
2009).

The Chilean Frontal Cordillera (Figs. 1 and 2) consists of a series of
large (≥50 km-long) Permo-Triassic crystalline basement blocks, that
are well-exposed along an extensive belt that forms part of a group of
Upper Paleozoic to Low Mesozoic intrusives, similar to those the form
the Cordillera Real in Ecuador and the Cordillera Real of Bolivia
(Mpodozis and Ramos, 1989; Mpodozis and Kay, 1990; Gregori et al.,
2003; Chew et al., 2007; Hervé et al., 2014). In northern Chile (Fig. 2),
these basement blocks lie intercalated with NNE-striking belts made of
Mesozoic and Cenozoic volcanic and sedimentary successions (Fig. 2)
that record the successive episodes of deformation within this Andean
segment (Jensen, 1976; Moscoso and Mpodozis, 1988; Moscoso et al.,
2010; nez et al., 2015, 2016; nez et al., 2015, 2016). The present-day
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architecture of the Frontal Cordillera has been usually compared with
the structure of the Sierras Pampeanas in Argentina, which is domi-
nated by basement-involved structures (Fig. 1). The genesis of these
structures is related to the regional and horizontal compression of the
continental margin caused by the shallowing of the Nazca plate under
South America during the Cenozoic (Godoy and Davidson, 1974;
Jordan et al., 1983; Moscoso and Mpodozis, 1988; Gutscher et al., 2000;
Ramos et al., 2002; Cristallini et al., 2004; Martínez et al., 2016).
However; recent studies (Peña et al., 2013; Martínez et al., 2012,2015)
have interpreted specific structural styles (e.g., inversion structures),
and new ages of deformation that suggest a tectonic scenario more
complex than those proposed previously for this region (Moscoso and
Mpodozis, 1988; Jordan et al., 1983; Ramos et al., 2002; Moscoso et al.,
2010). They have interpreted the structure of the Frontal Cordillera as a
result of tectonic inversion and thrusting of former Mesozoic exten-
sional basins, mainly during Late Cretaceous and Paleocene times
(Martínez et al., 2012, 2015; Peña et al.,2013). These results show that
the Late Cretaceous to Cenozoic deformation of the Chilean Frontal
Cordillera is not as simple as it was believed some years ago (Godoy and
Davidson, 1974; Moscoso and Mpodozis, 1988).

Despite all the advances in the knowledge of the tectonic evolution
of the Chilean Frontal Cordillera, the oldest deformation ages, as well as
the exhumation history of their basement blocks is still an aspect to
resolve. This problem is due to the fact that its tectonic history has
mainly been constrained by some U-Pb and/or K-Ar ages from
Oligocene and Miocene volcanic and sedimentary synorogenic deposits
exposed in the easternmost part of this region, which only has allowed
interpreting the younger episodes of contractional deformation. Recent
studies (Peña et al., 2013; Martínez et al., 2015; Rossel et al., 2016) also
point out that the Andean deformation in this region is not a response to
a unique mechanism of crustal shortening (thrusting, tectonic

inversion, among others) and different deformation styles appear to be
superimposed. To know the timing of deformation and exhumation in
this region, we provide new results of apatite fission track analysis from
crystalline basement rocks of the Frontal Cordillera at this latitudes,
which are combined with new U-Pb dating of the Cenozoic synorogenic
deposits exposed on the footwalls of the basement thrusts. These data
will allow obtaining an approximate scheme of the tectonic evolution of
this part of the western Central Andes.

2. Background

2.1. Geological setting

The oldest rocks in the Frontal Cordillera in northern Chile between
27°–28°S consist of NNE-SSW trending Permo-Triassic granitic rocks
(∼245–250 Ma; Jensen, 1976; Mpodozis and Kay, 1990) and rhyolitic
deposits (263–228 Ma; Thiele, 1964; Moscoso et al., 2010; Martínez
et al., 2014). The granitic rocks have been grouped into the “Montosa
Plutonic Complex” and the “Chollay Plutonic Complex” (Farrar et al.,
1970; Jensen, 1976; Mpodozis and Kay, 1990; Martínez et al., 2014),
which have been associated with subduction-related magmatism and
post-subduction magmatic events that occurred along the continental
margin during the final configuration of the Gondwana supercontinent
(Mpodozis and Kay, 1990; Mpodozis and Kay, 1992; Hervé et al., 2014).

In the study area, from west to east, the granitic rocks are: the La
Estancilla Granite, the Montosa Granite, the El Colorado Granite and
the Chollay Granite (Fig. 2; Moscoso et al., 2010; Martínez et al., 2014).
The rhyolitic deposits correspond to the Pastos Blanco Formation
(Thiele, 1964; Moscoso et al., 2010) (Fig. 2 and 3). Previous works
related the granitic rocks with the pre-rift basement of ancient exten-
sional basins established in this region during the Mesozoic (Jensen,

Fig. 1. Digital elevation model showing the distribution of the main tectonic provinces along the flat-slab subduction segment and the location of the study area.
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1976; Mosocoso and Mpodozis, 1988; Mpodozis and Allmendinger,
1993; Mpodozis and Ramos, 2008; Martínez et al., 2012). These rocks
form part of large basement blocks that are limited by NNE-striking
reverse faults that separate them from Mesozoic and Cenozoic volcanic
and sedimentary deposits. The latter deposits are related to the infill of
the Lautaro and Lagunillas basins (Fig. 2), which correspond to Jurassic
extensional back-arc basins (Jensen, 1976; Mpodozis and Ramos, 2008;
Martínez et al., 2012; Oliveros et al., 2013), created during the frag-
mentation of western Gondwana.

Along the westernmost parts of the study area, in the Lautaro Basin
(Fig. 2), the oldest Mesozoic deposits consist of thick (∼2000 m) Upper
Triassic continental volcanic and sedimentary syn-rift successions
composed of interbedded red conglomerates, sandstones and basaltic
andesites of the La Ternera Formation (Jensen, 1976; Charrier, 1979,
among others) (Figs. 2 and 3), which unconformably overlie the Permo-
Triassic granitic basement blocks (Fig. 2). Towards the western part of
the basin, this formation is unconformably overlain by ∼3000 m of
Lower Jurassic syn-rift deposits composed of sedimentary continental
and marine successions (limestones, calcareous sandstones and shales
with marine fossils) defined as the Lautaro Formation (Jensen, 1976;

Arévalo, 2005), which show rapid and dramatic thickness changes both
across and along strike, suggesting a structural control, such as normal
faulting. The Lautaro Formation is partially covered by 800 m of Ti-
thonian-Kimmeridgian strata (Picudo Formation), interpreted as a post-
rift sequence (Figs. 2 and 3) (Jensen, 1976; Oliveros et al., 2012;
Martínez et al., 2015).

In the Lagunillas Basin (Fig. 2), the Mesozoic rocks correspond to
300 m of Upper Triassic syn-rift successions of the La Ternera Forma-
tion, which unconformably overlie the granitic rocks (Fig. 2). This
formation is followed by 1200 m of Upper Jurassic continental syn-rift
deposits of the Lagunillas Formation (Jensen, 1976; Oliveros et al.,
2013), which is mainly composed of red sandstone, conglomerates and
andesitic lavas (Fig. 2 and 3), cut by minor normal faults. Upwards, this
unit is partly covered by a succession of Upper Jurassic clastic and
volcanic rocks interpreted as a lateral equivalent of the Picudo For-
mation (Fig. 3).

Upper Cretaceous and Cenozoic deposits in the area include around
3000 m of continental successions that lie well-exposed along the
western and eastern sectors of the Lagunillas Basin (Fig. 2), un-
conformably covering the Triassic and Jurassic syn-rift successions.

Fig. 2. (a) Geological map of northern Chile between 28°–28°30′S, showing the different structural styles and stratigraphic units exposed along the area (Modified from Martínez et al.,
2015), (b) Geological cross section showing the structural style of the main structures indicated in the map. Note: black and yellow stars in the map indicate the location of the photos
showed in the next Figs. 1: La Estancilla Granite, 2: Montosa Granite, 3: El Colorado Granite, 4: Chollay Granite. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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These correspond to volcanic and sedimentary successions accumulated
under a compressional setting (Godoy and Davidson, 1976; Jensen,
1976; Moscoso and Mpodozis, 1988; Moscoso et al., 2010; Martínez
et al., 2015) composed of a basal section of approximately 1000 m of
Upper Cretaceous-Paleocene synorogenic deposits comprised of inter-
bedded red conglomerates, sandstones, breccias and tuffs with internal
growth strata, defined as the Quebrada Seca Formation (Muzzio, 1980;
Iriarte et al., 1999; Moscoso et al., 2010; Martínez et al., 2014). In the
western sector of the Lagunillas Basin, these deposits are un-
conformably overlain by Oligo-Miocene conglomerates of the Potrer-
illos Formation (Reutter, 1974), while in the easternmost parts they are
unconformably overlain by Lower Miocene andesitic and basaltic lavas
of the Doña Ana Formation (Thiele, 1964). The Cenozoic deposits are
capped by the Mid-Miocene, semi-consolidated sediments collectively
called the Atacama Gravels, and Mio-Pliocene andesites found near the
Chile-Argentina border (Fig. 2) (Jensen, 1976; Iriarte et al., 1999;
Arévalo, 2005).

2.2. Structure of the Chilean Frontal Cordillera

The structure of this tectonic province is mainly dominated by an
array of NNE-striking basement-involved compressive structures that
include reverse faults, thrusts, basement-cored anticlines, inverted
structures and other minor thin-skinned folds and thrusts (Fig. 2). Along
the study area, the main structures correspond to a series of large
basement blocks that have compartmentalized the architecture of the
Lautaro and Lagunillas basins (Fig. 2a), which frequently are bounded
by west and east-verging thrusts forming pop-up structures (e.g.,
Montosa Batolith), or thick-skinned triangle zones (Zapata and
Allmendinger, 1996; Fig. 2 and 4 c ).

In the Lautaro Basin, the basement-involved structures consist of a
series of thrust faults (Jorquera, Pauna-La Estancilla and Iglesia
Colorada-Del Toro Fault Systems) (Godoy and Davidson, 1976; Jensen,
1976; Martínez et al., 2014) that modified the previous extensional
tectonic configuration of the basin (Fig. 2)(Martínez et al., 2012). These
correspond to double-verging (east and west) structures dipping ap-
proximately 30–50° at the surface, along which granitic blocks of pre-
rift basement are placed over continental and marine Mesozoic (Triassic
and Jurassic) syn-rift deposits (Fig. 4c), forming footwall syncline
structures. In the central section of the basin, NNE-trending inverted

structures have also been recognized, consisting of partially reactivated
normal faults and west-verging asymmetrical folds related to inversion
anticlines (Fig. 4a). The latter generally involve the Triassic and Jur-
assic syn-rift deposits, which show drastic lateral and vertical thickness
changes, displaying wedge geometries (Fig. 4a). Here, other minor,
east-verging, thin-skinned thrusts (El Chancho Thrust; Fig. 2 and 4b)
have also been identified, but they are frequently linked to subsidiary
structures that accommodated horizontal displacement of major base-
ment-involved compressive structures.

In the Lagunillas Basin, the main structures correspond to NNE-
striking thrust faults, basement-cored anticlines (Fig. 2). Here, the
major faults are identified as the Viscachaz, El Potro, Aranguiz and
Mondaquita faults and the El Colorado and Mondaquita anticlines
(Jensen, 1976) (Fig. 2 and 5). The faults correspond to west- and east-
verging reverse faults that place the blocks of pre-rift basement over
Mesozoic syn-rift successions and Upper Cretaceous-Cenozoic synoro-
genic deposits (Fig. 2). The faults have high angles at the surface, and
the Mesozoic-Cenozoic deposits are frequently folded, buttressed and
truncated against them (Figs. 5, 6 a and b ). The footwall faults fre-
quently show west- and east-inclined panels that contain some sub-
sidiary east-verging folds and thin-skinned thrusts (Figs. 2 and 5 c). The
marine and continental syn-rift Jurassic deposits exposed on the foot-
wall and hanging wall faults of the Vizcachas, Berracal and the south
termination of the El Potro Fault (Figs. 2 and 6 b) suggest that this fault
system could correspond to the partial inversion and reverse faulting of
the Mesozoic basin edge (Martínez et al., 2016).

The basement-cored anticlines consist of asymmetrical east-verging
folds composed of long and gently-dipping back limbs and short,
steeply-dipping forelimbs (Figs. 2 and 5) involving Permo-Triassic
granitic and volcanic rocks, Mesozoic syn-rift deposits and Cenozoic
synorogenic successions (Figs. 2 and 5). Previous interpretations
(Martínez et al., 2015) indicated that these structures could be ex-
plained by a thick-skinned imbricate system composed of east-verging
ramps and west-verging backthrusts, associated with a generalized
eastward motion of the orogenic belt at this latitude.

2.3. Preexisting evidence for late Cretaceous and Cenozoic deformation

The best evidence for Late Cretaceous to Cenozoic compressive
deformation is well preserved in the Lagunillas Basin, along the Chacay

Fig. 3. Generalized stratigraphic columns of the geological units exposed along the Lautaro and Lagunillas basins in the Chilean Frontal Cordillera (27°–28°S). See locations of the
columns in the geological map (Modified from Martínez et al., 2015).
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River (Fig. 2). Here, the evidence consists of synorogenic deposits that
unconformably cover the Triassic and Jurassic syn-rift successions and
some intraformational unconformities (Fig. 5b and d). These deposits
correspond to the Quebrada Seca Formation (see Section 2). They
generally lie well exposed on the footwall of basement-involved reverse
faults (e.g., Aranguiz and Mondaquita faults; Fig. 6a) and on the fore-
limbs of some footwall synclines (Figs. 2 and 5 b), and commonly
contain a series of growth strata that record the tectonic activity of the
faults and folds during their accumulation (Fig. 5b). The basal sections
of the growth strata (basal red beds) are frequently more inclined, while
the upper sections have lower dip angles (Fig. 5b) and generally shown
onlap terminations. This situation is observed on the footwall of the
Aranguiz and Mondaquita faults (Fig. 5d). In addition, some in-
traformational unconformities also have been recognized within the
upper section of the Quebrada Seca Formation exposed on the footwall
of the Aranguiz Fault (Fig. 5d) that also indicate that a synchronic and
progressive rotation during its deposition.

Previous studies (Martínez et al., 2015) carried out in this basin also
demonstrated the synorogenic character of the younger volcanic Mio-
cene deposits of the Doña Ana Formation, exposed along the eastern-
most part of this basin. Moreover, the angular unconformity between
the Doña Ana Formation and the Quebrada Seca Formation provide an
excellent evidence to interpret at least two different episodes of com-
pressive deformation. Recent studies (Martínez et al., 2015) have re-
ported U-Pb ages to the Quebrada Seca Formation of ∼80 Ma for its
sedimentary basal section that lie in angular unconformity over the
Mesozoic syn-rift fill of the Lagunillas Basin. These were determined to
detrital zircons and correspond to the maximum permissible deposi-
tional age and possibly the age of its basal section. Based on this geo-
chronology data and this angular unconformity important deformation
episode is proposed to have occurred during Late Cretaceous times (nez

et al., 2015, 2016; nez et al., 2015, 2016).

3. Methods

3.1. U-Pb-LA-ICPMS geochronology

In order to obtain and refined the ages of the synorogenic deposits
of the Quebrada Seca Formation, in this study we have incorporated
new data obtained by U-Pb-LA-ICPMS geochronology. This method was
used to determine the zircon ages of this formation. The samples ana-
lyzed consist of volcanic (IC-02A; tuff) and sedimentary (IC-03; tuf-
faceous sandstone) rocks collected from the middle and upper sections
of the Quebrada Seca Formation (Fig. 2). A series of zircons from these
two new samples were prepared at the Geochronological Laboratory of
the University of Chile using a Frantz magnetic separator and heavy
liquid procedures. The selection of the zircons was made by hand with
an optical microscope. The U-Pb dating of the samples was made at the
LEI Laboratory of the Universidad Nacional Autónoma de México using
a laser Excimer coupled to a Quadrupole Mass Spectometre (Thermo
Xii), which is mainly used to obtain zircon ages (Solari et al., 2010). The
laser ablation diameter was fixed at 34 μm. Mean ages of the volcanic
and detrital zircons analyzed were determined using Isoplot software
v.3.7 (Ludwing, 2008).

3.2. Apatite fission track (AFT) analyses

In order to constrain the cooling history related to exhumation of
the basement blocks exposed in this region, we analyzed apatite fission
tracks from five samples of Permo-Triassic granitic rocks, which were
previously dated at ∼245–250 Ma using the U-Pb method on zircons
(nez et al., 2014, 2015; nez et al., 2014, 2015). Sample locations are

Fig. 4. (a) Mesozoic, inverted normal fault and the west-vergent inversion anticline exposed along the west edge of the Lautaro Basin, (b) oblique view and stratigraphic repetition of the
Mesozoic successions along the east-vergent El Chancho Thrust in the Lautaro Basin, (c) Panoramic east-west view of the basement-involved faults (Pauna-La Estancilla and Iglesia
Colorada faults) forming a thick-skinned triangle zone (See locations of the photos in Fig. 2).
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Fig. 5. (a) Core and back limb of the El Colorado Anticline along the central section of the Lagunillas Basin, (b) detail of the relationship between the Mondaquita Fault and the basal
section of the Quebrada Seca Formation exposed on its footwall block. Note the onlaps termination in the growth strata, (c) subsidiary thin-skinned thrust involving the Paleocene
synorogenic deposits of the Quebrada Seca Formation, (d) Aspect of the intra-formational unconformity observed within the upper section of the Quebrada Seca Formation exposed on the
footwall of the Aranguiz Fault (See locations of the photos in Fig. 2).

Fig. 6. (a) Panoramic view of the Aranguiz Fault, which place the Permo-Triassic Basement over the Paleocene synorogenic deposits of the Quebrada Seca Formation, (b) Aspect of the
continental Jurassic syn-rift deposits of the Lagunillas Formation folded and buttressed against the Permo-Triassic Basement (See locations of the photos in Fig. 2).
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shown in Fig. 2. Apatite fission-track thermochronology is a technique
commonly applied to interpret the cooling history and thermal history
of rock units in the upper crust levels. This technique is used for esti-
mating cooling ages between ∼60 °C and 120 °C, an interval known as
the “partial annealing zone” (PAZ) (Wagner and Reimer, 1972;
Gallagher et al., 1998) and therefore allows determining the thermal
history of the rocks at low temperatures, which commonly are used to
constrain the time of exhumation of previously buried rock units. Fis-
sion-track length distribution gives information related to the velocity
of the cooling history of the rocks along the PAZ.

Apatite grains were initially separated applying the same techniques
used to separate zircons explained in Section 5.1. They were then
prepared using standard procedures at the Fission-Track Laboratory of
the Department of Geosciences of the University of Arizona (Table 1).
Nearly 20 grains were analyzed from samples IC 58, IC 17, IC 22 and
Bz. Only 10 grain were obtained for sample BWD (Table 1). The con-
fined track lengths, the angle between the confined tracks, the c-crys-
tallographic axis, and the kinetic parameter related to the figure length
Dparwere measured (Table 1). All samples passed the χ2 test (Galbraith,
2005), indicating that the distribution of counted fission tracks corre-
sponds to a single population, which is consistent with a purely Pois-
sonian variation (Galbraith, 2005). Thermal history modeling was
performed using HeFTy (Ketcham, 2005), which considers AFT ages,
track lengths and Dpar measurements allowing to determine time-tem-
perature paths through inverse Monte Carlo modeling (10,000 inver-
sions were run). The restrictions applied to the modeling are based on
geological data, such as angular unconformities associated with Meso-
zoic syn-rift phases (Martínez et al., 2015), and the ages of synorogenic
deposits shown here. To obtain a goodness-of-fit between modeled and
measured track length distributions we used the Kolmogorov-Smirnov
test with values of 0.5 and 0.05 for both, good and acceptable fits.

4. Results

4.1. U-Pb chronology of the Quebrada Seca formation

The U-Pb analysis (U238/Pb206) of detrital zircons obtained from
tuffaceous sedimentary rocks of the Quebrada Seca Formation reported
a maximum depositional age of 66.0 ± 0.48 Ma (IC-03), while igneous
zircons collected from the upper section reported a crystallization age
of 60.2 ± 0.9 Ma (Fig. 2 and 7). The detrital zircons show three major
populations of Permo-Triassic (240–290 Ma), Mesozoic (140–170 Ma)
and Late Cretaceous (60–70 Ma) rocks (Fig. 7). The Late Cretaceous
population was previously recognized by Martínez et al. (2015) in
samples of the basal section of this formation, and it was considered as
the maximum depositional age of this unit. Both ages reported here (IC-
02A and IC-03) coincide partially with the ages determined by Iriarte
et al. (1999) and Martínez et al. (2015) from synorogenic deposits lo-
cated on the footwall of the Vizcachas and Aranguiz fault. Our new data
are in agreement with the previous ages proposed for the Quebrada
Seca Formation. Considering that in the study area this units show some
stratigraphic features associated with synorogenic deposits, we only can
interpret that this was accumulated under a contractional deformation
regime during the Paleocene.

4.2. AFT constraints on exhumation and thermal modeling

The basement-rock samples analyzed here were collected at 1500
and 4100 m a.s.l. (Table 1), and at the base and top of the granitic
blocks, such as shown in Fig. 2. Sample BWD and Bz yielded an AFT
ages of 55.8 ± 4.0 Ma and 52.8 ± 3.9 Ma (Table 1), corresponding to
the oldest ages. Samples IC-17 and IC-58 yielded AFT ages of
42.7 ± 2.9 and 45.0 ± 4.2 Ma, respectively (Table 1) and sample IC-
22 yielded an AFT age 33.8 ± 3 of Ma. As illustrated in Fig. 8, the
mean track lengths of the samples analyzed range between 13.72 (Bz)
and 14.70 μm (BWD, IC-17, IC 22, IC-58) (Table 1). The results of theTa
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AFT ages and the mean track lengths (Fig. 8) indicate that a rapid
cooling related to exhumation of the basement blocks occurred during
the Late Paleocene and Eocene. According to Ring et al. (1999), the
exhumation is mostly referred to “the unroofing history of a rock, de-
fined by the vertical distance transverse by the rock relative to the
Earth's surface” and this process can occur under different tectonic
scenarios.

5. Discussion

5.1. Deformation sequence

The interpretation of the deformation sequence of orogenic systems
that result from the tectonic inversion of inherited extensional faults
could be difficult because the structural style in these regions is not
commonly a thrust wedge and they are mostly dominated by basement-
involved structures intercalated with some intramontane basins, similar
to occur along the flat-slab subduction segment (28°−29°S) of northern
Chile. The combination of the new results obtained from this work joint
others previously published (Salazar et al., 2013; Martínez et al., 2015;
Rossel et al., 2016; Fig. 9) have allowed to understand how occurred
the Andean deformation in the Frontal Cordillera of northern Chile
from Late Cretaceous times. The results indicate that the tectonic
structure of this region (Fig. 9) was developed during four important
orogenic phases that have apparently occurred diachronically during
different periods: Late Cretaceous, Paleocene, Eocene and Oligo-Mio-
cene, however; we only show new data that mainly support the Pa-
leocene and Eocene.

The chronological data (U-Pb ages) previously reported by Martínez
et al. (2015) suggest that the Andean deformation in this region could
be started as early as Late Cretaceous by the tectonic inversion of
Jurassic half-grabens (Lautaro and Lagunillas basins), however; we
have not new U-Pb ages that allow to confirm this interpretation.
Nevertheless, our field observations coincide with this interpretation.
Evidence of tectonic inversion of ancient Jurassic normal faults are
observed along the Lautaro (to the east of the study area) and Lagunillas
basins, where marine and continental syn-rift Jurassic and Triassic
deposits are folded and strongly buttressed along reactivated Mesozoic
basement faults (e.g., Mondaquita faults; Fig. 6b), many which could be
hidden under younger reverse faults (E.g., Vizcachas Fault; Martínez
et al., 2015). This confirms the idea that the Andean deformation in the
Chilean Frontal Cordillera was initially controlled by the tectonic in-
version of previous Mesozoic normal faults.

Similar structural styles have also been interpreted in another areas
of the Central and Southern Andes (Chañarcillo and Salar de Atacama
basins, Domeyko Range, Neuquén and Cuyo basins, San Jorge Gulf,
among others), and many of them suggest that they have resulted from
the positive reactivation of Mesozoic extensional systems during the
Late Cretaceous creating the initial uplift of the orogenic belt (Mpodozis
et al., 2005; Amilibia et al., 2008; Martínez et al., 2013; Peña et al.,
2014; Folguera et al., 2015; Fennell et al., 2015; Rojas Vera et al., 2015;

Bascuñan et al., 2015).
The new U-Pb ages reported in this work indicate that the Chilean

Frontal Cordillera was affected by an orogenic episode that occurred
during the Paleocene, possibly associated with the eastward advance of
a basement-involved reverse faults (Vizcachas, Aranguiz faults; Fig. 2)
affecting the pre-rift basement blocks of the Lagunillas Basin. This
episode is mainly recorded by those volcanic and sedimentary synoro-
genic successions that occupy the footwall blocks of the basement-in-
volved reverse faults (e.g., Quebrada Seca Formation; Martínez et al.,
2015). This result allows changing a common interpretation about the
contractional deformation of this sector of the Central Andes in this part
of northern Chile, which was traditionally believed to have occurred
during the Oligocene-Miocene (Godoy and Davidson, 1976; Jensen,
1976; Moscoso and Mpodozis, 1988, among others). Even, these results
indicate that during the Paleocene this region was mostly shorted and
not extended, such as it was argued by some workers (Cornejo et al.,
2003).

Other important episode occurred during the Eocene, which is re-
corded by the new apatite fission track ages reported to the pre-rift
basement blocks in this work (Figs. 2 and 7). This episode is associated
with a rapid cooling related with exhumation. We interpreted that this
cooling was accompanied of a progressive uplift of the basement re-
verse faults (Iglesia Colorada, Pauna-La Estancilla, Vizcachas, Aranguiz
faults, among others) that have started during the Paleocene. These
ages usually coincide with the age reported to the Incaic tectonic phase
proposed by Steinman (1929) and broadly recognized in northern
Chile. The Incaic tectonic phase in northern Chile was marked by an
important contractional deformation, characterized by the eastward
advance of basement-involved thrust systems (Coutand et al., 2001;
Arriagada et al., 2016; Amilibia et al., 2008; Charrier et al., 2009;
Martínez et al., 2016). The crustal shortening in this region provoked an
important thickening of the continental margin and an accelerated
uplift of the buried oldest rocks (Maksaev and Zentilli, 1999; Charrier
et al., 2009). In the study region, this episode appears to be controlled
by the propagation of large reverse faults and east- and west-verging
ramps (Fig. 9; nez et al., 2015, 2016; nez et al., 2015, 2016) that in-
itially uplifted the Permo-Triassic pre-rift basement blocks during the
Paleocene. We suggest that the Eocene apatite fission track ages re-
ported here, indicate that, possibly the crustal uplift related to reverse
faulting was progressively accompanied of a rapid exhumation by
erosion between 55 and 38 Ma.

Other similar exhumation ages related to erosion of basement blocks
have been reported to some places of the Chilean Central Andes and
nearby areas in northwestern Argentina and Bolivia (La Guradia,
Domeyko Range, Eastern Cordillera, Salar de Atacama, Arizao Basin,
Salar de Pastos Grandes, among others; Iriarte et al., 1999; Maksaev and
Zentilli, 1999; Coutand et al., 2001; Barnes et al., 2007; Carrapa et al.,
2009; Carrapa et al., 2011; DeCelles et al., 2011; Eichelberger and
McQuarrie, 2015; Carrapa and DeCelles, 2015). Although we dońt ob-
serve an important angular unconformity between the deformed Pa-
leocene and Eocene synorogenic deposits, other recent studies from

Fig. 7. (a) Concordia plots of LA-ICPMS U–Pb analysis of
zircons from the sample IC-02 of the Quebrada Seca
Formation, (b) Weighted mean age calculation for the U-Pb
age of the sample IC-02 (c) Probability density plot and
stacked histogram of detrital zircon U-Pb age and weighted
mean age calculation for sedimentary rock of the Quebrada
Seca Formation.
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Rossel et al. (2016) carried out to the south of the Frontal Cordillera if
have identified this unconformity, and also interpreted both Paleocene
and Eocene deformation stages to this region. Some synorogenic

deposits identified in northern Chile (Domeyko Range, Salar de Ata-
cama Basin; Mpodozis et al., 2005; Arriagada et al., 2006; Bascuñan
et al., 2015) has reported Eocene ages indicating thus, that this period
was mostly dominated by crustal shortening. The AFT ages reported in
this study, have allowed documenting the Incaic Orogeny in the Chilean
Frontal Cordillera, which was unknown in the region for many years.
Although the extensional tectonic is considered the most efficient me-
chanism to the exhumation of deep rocks, this mechanism does not
work to the Frontal Cordillera where the structural framework is es-
sentially compressive.

The thermal modeling of the apatite fission track ages (Fig. 8) shows
similar solutions for the different basement blocks of the study area.
Based on this, we can only posit for sure that part of the exhumation
history includes Eocene cooling. We do not rule out that this region
could have experienced a more complex exhumation history, however;
a more detailed sampling is necessary to check it. On the other hand,
the similarity between the thermal solutions determined here suggests
that exhumation was partially synchronous in the different basement
blocks.

Finally a last compressive episode is interpreted to have occurred
during Miocene times, however; this is mostly constrained by the pre-
vious ages (mainly U-Pb and K-Ar) of the folded and synorogenic vol-
canic deposits of the Miocene Doña Ana Formation exposed along the
triangle zone formed between the Aranguiz and Mondaquita reverse
faults (Moscoso et al., 2010; Martínez et al., 2015) (Figs. 2 and 5 d).
This event is associated with the final activity of both faults, which
could have lasted until the Pliocene. Our field observation shows that
this deposits unconformably overlies the Paleocene Quebrada Seca
Formation in the easternmost part of the Lagunillas Basin (Fig. 2) and
this angular unconformity mark the separation between two tectonic
episodes. This event is better constrained in the Argentinean side (e.g.,
Sierra de Las Planchadas and the Sierra de Famatina, Sierra de Maz,
Sierra de Urango) from the apatite fission track ages and analyses of
synorogenic deposits (Coughlin et al., 1998; Dávila and Astini, 2007;
Safipour et al., 2015, among others), indicating thus that deformation
migrated toward the east of the study region and was concentrated
mostly on the Argentinian side, creating a broken foreland setting.
Recent studies (Zhou et al., 2017) also have documented an important
Neogene deformation along some basins in the NW Argentinean that
occurred at ca. 25–20 Ma by basement-involved thrust faults, possibly
related to the reactivation of inherited structures and suggest that
during the Eocene the major relief in the Central Andes was created on
its western side. This Neogene contractional deformation is known as
the “Quechua orogenic phase” (Mégard, 1984), which has traditionally
been considered as the main responsible for the uplift of the Sierras
Pampeanas in the eastern slope of the flat-slab segment of the Central
Andes (Jordan et al., 1983; Ramos et al., 2002; Dávila and Astini, 2007;
Dávila and Carter, 2013).

6. Conclusions

The structural configuration of the Frontal Cordillera in northern
Chile is characterized by a mix of inverted and basement-involved
compressive structures. In this region, the Andean deformation was
initially controlled by the partial tectonic inversion of previous
Mesozoic normal faults, which is mainly evidenced by the occurrence of
inversion and basement-cored anticlines that affect the syn-rift deposits
(Triassic and Jurassic) of the Lautaro and Lagunillas basins. This epi-
sode appears to have occurred in the Late Cretaceous and suggests that
the pre-orogenic configuration played an important role in the initial
deformation of this region. The following Andean deformation was
controlled by basement-involved reverse faults during the Paleocene-
Eocene and Miocene times, creating thus the complete configuration of
this part of the Central Andes. The U-Pb ages of the synorogenic de-
posits reported here indicate an eastward migration of the deformation,
while the AFT ages show that a rapid cooling of the basement blocks

Fig. 8. (a–e) Time-temperature paths obtained from thermal history modeling using
HeFTy software (Ketcham, 2005) for samples of the Permo-Triassic granitic rocks located
in Fig. 2. The outer envelope contains acceptable fits, the inner shaded envelope contains
good fits and thick black line indicates best fit model, (f–i) track length distribution
histograms.
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occurred during Eocene times. Our U-Pb and AFT data also correlate
well with the major orogenic phases (Peruvian, Incaic and Quechua)
identified in neighboring provinces along the Central Andes, which
sometimes are separated by extensional episodes. Here, however, we

interpreted tha the Incaic tectonic phase is the most important tectonic
phase responsible for basement deformation and uplift in the Chilean
Frontal Cordillera. The pattern of AFT thermal solutions for the Permo-
Triassic granitic rocks indicates a coeval exhumation of different

Fig. 9. Simplified geological map of the northern Chile between 28°–32°S, showing the distribution of the U-Pb and K-Ar ages from synorogenic deposits obtained by previous studies
(black numbers) (Arévalo, 2005b; Arévalo and Welkner, 2008; Maksaev et al., 2009; Moscoso et al., 2010; Arriagada et al., 2013; Rodríguez, 2013), as well as the distribution of the new
AFT ages determined from this study.
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tectonic blocks. This situation may be related to synchronous basement
thrusts motion during the Eocene.
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