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Abstract New thermochronometric data provide evidence for an along-strike diachronous building of the
Andes in north-central Chile (28.5–32°S). Geochronological (U-Pb zircon) and thermochronological (apatite
fission track and (U-Th)/He) analyses of rock units were obtained in west-to-east transects across the western
topographic front. Thermal models indicate that the area west of the topographic front was little exhumed
since approximately 45 Ma. To the east of the western topographic front, the Main Cordillera shows both
latitudinal and longitudinal differences in exhumation patterns. North of 31.5°S, Cenozoic exhumation began
before approximately 40–30 Ma at the western and eastern limits of the Main Cordillera, building the
Incaic Range. Later, accelerated exhumation focused on the core of the Main Cordillera and in the Frontal
Cordillera at approximately 22–14 Ma and approximately 7 Ma, respectively. South of 31.5°S, accelerated
exhumation in the Main Cordillera occurred mainly around 22–14 Ma, after an initial Eocene phase, and the
locus of exhumation moved eastward by the late Miocene. Whereas accelerated exhumation in the early to
mid-Miocene correlates with the breakup of the Farallon Plate, late Miocene accelerated exhumation
correlates with the onset of flat subduction. Latitudinal differences on the exhumation timing along the
western topographic front of the Main Cordillera may be due to the absence of the Paleozoic crystalline core
south of 31.5°S, which seems to have acted as a buttress for shortening during the Eocene.

1. Introduction

The Central Andes (15–34°S; Tassara, 2005) are a type example of an orogen developed in an oceanic-
continent subduction context (e.g., Dewey & Bird, 1970). Although modern subduction began in the Early
Jurassic, its contractional evolution did not begin before the Late Cretaceous (Charrier et al., 2007).
Moreover, most of the tectonic shortening and uplift has been recorded during Cenozoic times (e.g.,
Charrier et al., 2007; Barnes & Ehlers, 2009). The present-day interaction between the Nazca and South
American plates is reflected in the development of a north-to-south oriented highly elevated plateau that
reaches its maximum width at the latitude of the Altiplano-Puna, getting systematically narrower and more
incised toward the south (Figures 1a and 1b). The plateau is bounded by topographic fronts to the east and
west that separate the highest Andes from the adjacent lower elevated areas (Figures 1a and 1b). The eastern
topographic front systematically coincides along strike with east vergent active thrust systems that cause
intense crustal seismicity along the foreland, (Figure 1a; Alvarado et al., 2005; Alvarado & Ramos, 2011;
Costa et al., 2006; Lamb, 2000; Ortiz et al., 2015). In contrast, evidence of active deformation along the western
topographic front is scarce and has been recognized only in northern Chile (Figure 1a; west vergent thrust
system; Farías et al., 2005; Garcia & Herail, 2005; Hall et al., 2012; Jordan et al., 2010; Muñoz & Charrier,
1996; Pinto et al., 2007; Victor et al., 2004) and in central Chile (Figure 1a; San Ramón Fault; Armijo et al.,
2010; Charrier et al., 2002; Pérez et al., 2013; Rauld, 2011; Vargas et al., 2014). Between 22 and 30°S, structural
and thermochronological data suggest that accelerated exhumation along the western topographic front
occurred mostly during the Eocene, building the Incaic Range (Figure 1a; Cembrano et al., 2003; Martínez
et al., 2017; Lossada et al., 2017; Maksaev & Zentilli, 1999; Sanchez et al., 2017). In contrast, between 33
and 34°S thermochronological data indicate that accelerated exhumation took place from the late
Miocene to the Pliocene next to the western topographic front (Maksaev et al., 2009), with ongoingmountain
building occurring along the west vergent San Ramón fault (Vargas et al., 2014). The factors controlling the
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observed latitudinal differences in exhumation are largely unknown. On one hand, a marked rise in
precipitation from 200 mm/year at 33°S to 800 mm/year at 35°S is observed, causing higher fluvial erosion
rates southward from 33°S (Farías, 2007). Thus, it has been suggested that younger thermochronological
ages to the south of 33°S would be reflecting such a climatic gradient (Stalder et al., 2017). On the other
hand, it has been shown that shallowing of the Nazca slab north of 33°S (Figure 1a) would have shifted
the locus of deformation toward the Argentinean foreland since the late Miocene (Ramos et al., 2002;
Martinod et al., 2010). Thus, late Miocene to Pliocene thermochronological ages like the ones observed
south of 33°S would not be expected along the western topographic front north of 33°S.

Here we present the geochronology and low-temperature thermochronology of north-central Chile
(28.5–32°S), which records this transition in exhumation patterns in the development of the Chilean Andes
(Figure 1a). In order to recognize variability in exhumation, we applied U-Pb zircon geochronology combined
with low-temperature thermochronology, including apatite fission track (AFT) and apatite (U-Th)/He (AHe) on
both sides of the western topographic front in this region. We address the following questions: When did the
western topographic front develop in this region? Are there any spatial variations on the exhumation

Figure 1. (a) Shaded relief image of the Central Andes showing main morphostructural units. The dashed lines mark the
isobaths at 50, 100, and 150 km of the Nazca below the South American plate according to Cahill and Isacks (1992). The
white lines show the borders between main morphostructural units. CC = Coastal Cordillera, CD = Central Depression,
AP = Altiplano-Puna, SR = Subandean Ranges, MC = Main Cordillera, FC = Frontal Cordillera, PrC = Precordillera and
SP = Pampean Ranges. The yellow star show epicenter of crustal earthquakes related to the west-vergent thrust system
(WTS) according to Farías et al. (2005), and the red star shows location of paleoseismological trench of the San Ramón Fault
studied by Vargas et al. (2014). Location of thermochronological samples collected next to the western topographic
front by Maksaev and Zentilli (1999), Sanchez et al. (2017), Martínez et al (2017), Lossada et al. (2017), and Maksaev et al.
(2009) shown by pale blue dots. (b) Topographic profiles across the Altiplano (profile 1) and across the Main and Frontal
Cordilleras (profile 2) showing western and eastern topographic fronts.
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patterns as suggested by thermochronometric data north and south of this region? If so, what are the poten-
tial local and regional controls on these variations?

2. Regional Setting

The present-day plate tectonic configuration in the Central Andes (15°–34°S) was acquired after the breakup
of the Farallon Plate into the Nazca and the Cocos Plates approximately 23 Ma ago (Pardo-Casas & Molnar,
1987; Seton et al., 2012; Somoza, 1998). As a result of this major tectonic plate reorganization, between the
late Oligocene and the early Miocene the convergence rate of the Farallon (Nazca) Plate relative to the
South American Plate rose from 50 to 60 mm/year to a maximum of 150 mm/year (Pardo-Casas & Molnar,
1987). The current convergence between the Nazca and South American plates is characterized by along-
strike variations of the subduction angle from flat ~10° to normal ~30° (Figure 1a; Cahill & Isacks, 1992;
Jordan et al., 1983; Pardo et al., 2002). The studied region is located between 28.5 and 32°S, above the
Pampean or Chilean flat-slab segment (27–33°S; Figure 1a). Slab flattening has been attributed to the subduc-
tion of the buoyant Juan Fernández ridge in the Nazca Plate at the same location in the southern end of the
flat slab segment, since approximately 10 Ma (Figure 1a; Yáñez et al., 2001). Contrary to what is observed in
the areas north of 27°S and south of 33°S, no Quaternary arc volcanism developed in this region as a result of
the reduction in subduction angle and the consequent eastward migration of the asthenospheric wedge.
Thus, initiation of slab flattening is mostly inferred from the evolution of arc magmatism, in particular, from
the end of andesitic magmatic activity in the main arc of this region approximately 9 Ma (Bissig et al., 2011;
Kay & Mpodozis, 2002; Litvak et al., 2007).

The Andean orogen above the flat-slab region consists from west to east of: the north-south oriented Coastal
Cordillera, the Main Cordillera, the Frontal Cordillera, the Precordillera, and the Sierras Pampeanas (Figure 1a).
The studied region includes the Coastal, Main, and Frontal Cordilleras between 28.5° and 32°S (Figures 1a and
1b and 2). In this area, the Coastal Cordillera is separated from theMain Cordillera by the western topographic
front (Figures 1a and 1b), and the traces of the San Félix, Vicuña, and Llimpo faults are roughly aligned along
this topographic feature from north to south (Figure 2).

The Coastal Cordillera exposes Paleozoic (Devonian to Carboniferous) metamorphic and metasedimentary
basement along the coast, which is unconformably overlain by an east dipping homoclinal succession of
Mesozoic (middle Triassic to Upper Cretaceous) volcano-sedimentary units (Figure 2). Both the Paleozoic
basement and the Mesozoic volcano-sedimentary rocks are intruded by north-south oriented Mesozoic plu-
tonic belts with decreasing ages to the east: a mid-Triassic to Jurassic belt, an Lower to middle Cretaceous
belt, and a Upper Cretaceous to Paleocene belt (Figures 2 and 3). Along the coast and in the bottom of the
main valleys the Paleozoic and Mesozoic rocks are unconformably covered by interfingered subhorizontal
Cenozoic (lower Miocene to Pleistocene) marine to fluvial continental deposits (Figure 2; Arévalo et al.,
2009; Emparan & Pineda, 2006; Pineda & Calderón, 2008; Rivano & Sepúlveda, 1991).

The geology of the Main Cordillera presents a marked change around ~31.5°S. North of 31.5°S it is composed
of a core of Paleozoic intrusive (mainly Carboniferous to Permian and minor Permo-Triassic) and minor meta-
morphic units (Ordovician) flanked to the west by a folded stratified succession of Mesozoic (Triassic to Upper
Cretaceous) volcano-sedimentary rocks intruded by a Mesozoic (Upper Cretaceous to Paleocene) belt of plu-
tonic units (Figure 2; Mpodozis & Cornejo, 1988; Nasi et al., 1990; Pineda & Calderón, 2008; Bissig et al., 2011;
Martínez et al., 2012, 2016). In this area the eastern border of the Main Cordillera is marked by the east-
vergent La Plata reverse fault (Moscoso & Mpodozis, 1988; Mpodozis & Cornejo, 1988; Nasi et al., 1990).
Conversely, south of 31.5°S the core of the Main Cordillera consists of Cenozoic (upper Oligocene and
Miocene) volcano-sedimentary rocks (Jara & Charrier, 2014; Mpodozis et al., 2009) flanked to the west by
Mesozoic (Lower to Upper Cretaceous) sedimentary successions (Figure 2). Upper Cretaceous to Paleocene,
Eocene, Oligocene, and Miocene plutonic belts with ages decreasing to the east intrude the Mesozoic and
Cenozoic deposits (Figure 2).

In Chile and Argentina the Frontal Cordillera consists of uplifted blocks of mostly Paleozoic to Mesozoic
(Permo-Triassic) volcanic and intrusive rocks. To the west, near its border with the Main Cordillera, these
blocks are overlain by deformed Mesozoic (Triassic to Upper Cretaceous) volcano-sedimentary rocks,
whereas to the east they are covered by Cenozoic (upper Oligocene to Miocene) volcano-sedimentary
deposits (Figure 2).
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Since the Late Cretaceous the geological evolution in north-central Chile has been characterized by the
occurrence of major compressive events followed by periods of apparently milder, though uninterrupted
compression (Barnes & Ehlers, 2009; Charrier et al., 2012). However, in Jurassic and Early Cretaceous times,
a tensile stress regime caused generalized extension in the continental margin and the development of wide
backarc extensional basins (e.g., Charrier et al., 2007), to the east of the magmatic arc. According to the out-
crop distribution of Jurassic to Lower Cretaceous volcano-sedimentary and sedimentary rocks (Figure 2),
these extensional basins developed mainly along the border between the present-day Coastal and Main
Cordilleras and the border between the present-day Main and Frontal Cordilleras (Figure 2). Tectonic inver-
sion of the extensional basins occurred during the Peruvian (late Early to early Late Cretaceous) and the sub-
sequent “K-T” (Cretaceous- Paleogene boundary) and Incaic (mid-late Eocene) orogenic phases (e.g., Amilibia
et al., 2008). In the studied region, the west vergent Vicuña-San Félix and the east vergent Rivadavia reverse
faults have been joined at depth and interpreted as uplifting the western border of the Main Cordillera north-
ward from 30°S during the Incaic orogeny (Cembrano et al., 2003; Pineda & Emparán, 2006; Pineda &
Calderón, 2008), building the Incaic Range (Charrier et al., 2007; Charrier et al., 2009). According to

Figure 2. (a) Geological map of north-central Chile. Modified from Sernageomin (2003). DHA = Doña Ana Hill, BH = Blanco
Hill.
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thermochronometric, structural, and paleoelevation data the Incaic Range was a NNE-SSW mountain belt
forming the main palaeogeographic feature in southern Peru and northern Chile from the Oligocene to
the early Miocene (Armijo et al., 2015; Bissig & Riquelme, 2010; Charrier et al., 2007; Maksaev & Zentilli,
1999). However, the areal extent of this relief into north-central Chile is unclear as no geological records of

Figure 3. U-Pb zircon (red) and AFT (blue, blue italic = samples with Dpar <2 μm) and AHe (green) ages in Ma of samples
collected throughout north-central Chile. U-Pb errors at ±2σ, AFT and AHe errors at ±1σ. The solid black lines mark the
border between main morphostructural units and subunits. The pale blue lines mark trace of major rivers. Rock ages from
previous works (Álvarez et al., 2011; Arévalo et al., 2009; Martin et al., 1999; Nasi et al., 1990; Pankhurst et al., 1996; Pineda &
Calderón, 2008) in black and marked with an asterisk, data sources for can be found in the Table 1.
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mid-late Eocene shortening are known southward from 30°S. Following mid-late Eocene compression, a late
Oligocene extensional intra-arc basin developed farther east (Jara & Charrier, 2014; Winocur et al., 2015),
along the present-day Frontal Cordillera at 30°S (e.g., outcrops next to Doña Ana Hill in Figure 2), and along
the Main Cordillera southwards from 31.5°S (e.g., outcrops next to Blanco Hill in Figure 2). At 30°S the intra-arc
basin was successively inverted throughout the Miocene (Winocur, 2010), whereas south of 31.5°S it was
inverted during the early Miocene (Charrier et al., 2002; Jara & Charrier, 2014).

East and west vergent high-angle reverse faults cutting through the Main and Frontal Cordilleras are inter-
preted to have played an important role in Cenozoic uplift (Aguilar et al., 2013; Bissig et al., 2011; Jara &
Charrier, 2014; Moscoso & Mpodozis, 1988; Nasi et al., 1990; Mpodozis et al., 2009). North of 31.5°S, some
of these faults are the Vicuña-San Félix and Rivadavia Faults, the Pinte and La Plata Faults within the Main
Cordillera, and the Baños del Toro Fault within the Frontal Cordillera (Figure 2). South of 31.5°S, the main
faults active during the Cenozoic are the Llimpo Fault and the Pocuro, Totoral, and Mondaquita Faults from
west to east within the Main Cordillera (Figure 2).

3. Sampling Strategy

We collected a total of 28 samples across the Coastal, Main, and Frontal Cordilleras. Analyzed samples are
dominantly granitoids, with the exception of JA05 and JA07, which are gneiss (Table 1). Samples were col-
lected in two segments, one to the north of 31.5°S and another one south of 31.5°S (Figures 2 and 3). The
objective of our sampling strategy was to identify differences in exhumation timing along the Main
Cordillera between the two segments, considering that north of 31.5°S much older rocks are exposed (the
Paleozoic crystalline core) than farther south (Figures 2 and 3).

The segment north of 31.5°S includes samples collected from the Coastal, Main, and Frontal Cordilleras and
across the topographic front along the Huasco-Quebrada Los Choros, Elqui, and the Limarí valleys. All sam-
ples from this segment were collected at the bottom or near the bottom (<500 m) of the valleys
(Figure 3). Samples from the Main Cordillera in this segment come from three different domains: one group
was collected in the Upper Cretaceous to Paleocene and Eocene intrusive belts next to the western topo-
graphic front (LL08, LL06, LL07, LL01, and LL02), the second group was collected from the crystalline
Paleozoic core of the Main Cordillera (JA05, JA07 and LE02), and the third was collected close to the eastern
border of the Main Cordillera (Figure 4; LE03, LE04, and LE06).

The segment south of 31.5°S includes samples from the Coastal and Main Cordilleras along the northern and
southern parts of the Choapa Valley (Figure 3). Along the northern Choapa Valley samples were collected
from two vertical profiles, one in the Coastal Cordillera (LC01, LC02, LC03, and LC04), the other one in the
Main Cordillera next to the western topographic front (LC05, LC07, LC08, LC16, LC17, and LC18; Figures 3
and 4). Samples LC09 from the Coastal Cordillera and LC15 from theMain Cordillera were collected at the bot-
tom or near the bottom (<500 m) of the valleys in the segment south of 31.5°S (Figure 3).

4. Methodology

Low-temperature thermochronology is based on the accumulation of the radioactive decay products of cer-
tain isotopes and the temperature-dependent retention of these products. In particular, the AFT (Gallagher
et al., 1998; Gleadow et al., 2002) and the (U-Th)/He in apatite (AHe; Flowers et al., 2009; Gautheron et al.,
2009) methods are based on the accumulation of tracks caused by fission decay of 238U, and on the ingrowth
of 4He produced by U and Th series decay, respectively. Fission tracks in apatite are only partially annealed
and shortened in a typical range between ~60 and 120 °C, whereas 4He is partially retained in a typical range
between ~40 and 80 °C. These closure temperature ranges are generally accurate, but they can change
depending on apatite composition in the AFT system (e.g., Green et al., 1986) and on the accumulated radia-
tion damage in the AHe system (e.g., Flowers et al., 2009). The fact that tracks shorten (anneal) in a certain
temperature range allows extraction of important information about their cooling paths, as rapidly cooled
rocks would display mostly long tracks>14 μm, contrary to slowly cooled rocks that would exhibit shortened
tracks <14 μm (Green et al., 1986, Carlson, 1990; Crowley, 1993; Crowley et al., 1991). Importantly, it is widely
known that apatites can present different annealing behaviors that are usually linked to compositional varia-
tions, with chlorine-rich apatites presenting more resistance to annealing than fluorine-rich apatites (e.g.,
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Barbarand et al., 2003; Carlson et al., 1999; Donelick, 1993; Green et al., 1986). Therefore, the temperature at
which the AFT age is registered and the temperature range over which tracks anneal depend on the apatite
composition. This has important implications in AFT data interpretations when multiple types of apatites are
found within a single sample (e.g., Barnes et al., 2006). Variations in apatite annealing behavior can also be
inferred by measuring apatite solubility using the diameter of the etch figure (“Dpar”: Donelick, 1993). It is
thought that this method can provide prediction capacity similar to chlorine content (Ketcham et al., 1999).

In order to obtain zircon and apatites crystals needed for dating, whole rock samples were mechanically
crushed and sieved and heavy minerals were recovered using conventional heavy liquid andmagnetic meth-
ods at the Laboratorio de Separación de Minerales at the Departamento de Geología, Universidad de Chile.

U-Pb zircon dating was carried out by Apatite to Zircon Inc. using the single collector Finnigan Element II
inductively coupled plasma–mass spectrometry (ICP-MS) of the Geoanalytical Laboratory at Washington
State University, following the procedure described in Chang et al. (2006), Gehrels et al. (2008), and Shen
et al. (2012). Sample preparation involved mounting in epoxy, polishing, and cleaning with approximately
5.5 M HNO3 for 20 s at 21 °C. Zircon grains were then examined using nonpolarized, polychromatic, trans-
mitted light and reflected light. A three-dimensional inspection using high magnification (1562.5X or
2000X), polychromatic light, and optical microscopy was made for both inclusions and zones of variable
refractive index. Primary standard is Duluth Complex, and secondary standards are Fish Canyon Tuff,
Mount Dromedary, and Temora. Between 48 and 21 grains were analyzed for each sample (Supporting
Information 1). All reported ages and weighted mean ages have uncertainties at the two-sigma level
(Supporting Information 1).

Figure 4. (a) AFT ages versus distance to the topographic front. (b) AHe ages versus distance to the topographic front.
Errors are ±1σ in all figures.
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The AFT data were obtained at Apatite to Zircon Inc. using the laser ablation method described in Donelick
et al. (2005) and Chew and Donelick (2012). Sample preparation for AFT analysis involvedmounting of apatite
grains in epoxy, polishing, and etching in 5.5 N HNO3 for 20.0 s at 21 °C to reveal spontaneous fission tracks.
Spontaneous fission tracks were counted in unpolarized light at 2000X magnification and laser ablation (LA)-
ICP-MS analysis to determine 238U was subsequently done in the same grain areas where spontaneous tracks
were counted. In order to increase the number of tracks available for length measurement, apatite grains
were irradiated with 252Cf (Donelick & Miller, 1991) and etched a second time following the protocol
described above. The track lengths and the angle between the track and the c axis were then measured.
Additionally, for each grain age and track length measurement a Dpar value was obtained (Supporting
Information 2). LA-ICP-MS analysis for AFT age determinations were carried out using the single-collector
Finnigan Element II ICP-MS of the Geoanalytical Laboratory at Washington State University, following the pro-
cedure described in Donelick et al. (2005) and Chew and Donelick (2012). The primary standard is Durango;
the secondary standards are Fish Canyon Tuff and Tioga Ash. ICP-MS and laser operating conditions and data
acquisition parameters are shown in Supporting Information_2.

Microprobe analysis was carried on 19 samples with at least 30 analyses per sample in grains parallel
to the c axis (Table 1 and Supporting Information 4) to determine chlorine content. Since chlorine
content and Dpar value are positively correlated (Barbarand et al., 2003; Carlson et al., 1999), some
compositional effect might be influencing the obtained AFT ages. Unfortunately, it was not possible
to analyze the chlorine content exactly in the same grains where AFT measurements were performed,
because those analyses were made later at the University Paul Sabatier in Géoscience Environnement
Toulouse Lab, France. Chemical composition ([Cl] wt%) was measured using a CAMECA SX50
microprobe with SAMx automation (see Supporting Information 4 for more details on microprobe
operating conditions).

AHe age determinations were made in the Caltech Noble Gas Laboratory following the procedure described
by Farley and Stockli (2002). Individual apatite grains >100 μm were screened for U-rich inclusions under a
binocular microscope in polarized light at 120X magnification. Euhedral to subhedral inclusion-free grains
were then hand-picked and their dimensions (length and width) measured to calculate the FT factor, correct
to the effect of α-particles that are eventually ejected out of the grain (Farley & Stockli, 2002). Single apatite
grains were later placed in platinum foil tubes and heated in-vacuum with a laser to degas and measure 4He
by MS. After He analysis, apatite grains in the platinum tubes were removed from the vacuum chamber,
dissolved in nitric acid and spiked for U-Th determinations. Samples were spiked with 235U and 230Th, and
U and Th isotopes ratios were measured on a single-collector Finnigan Element double-focusing
inductively-coupled plasma mass spectrometer (Farley & Stockli, 2002). The analytical techniques are the
same as described in Mahéo et al. (2009).

5. Results
5.1. Rock Ages

Previous geochronological ages are very scarce in the sampled rock units, and it was necessary to increase
the available data set for our study. Therefore, six new U-Pb zircon weighted mean ages were obtained for
samples collected in both geographic segments of this study (Figure 3 and Table 1). The obtained weighted
mean ages are 118.8 ± 0.8 Ma (LC02, n = 48), 75.8 ± 7.1 Ma (LC09, n = 24), 61.6 ± 0.7 Ma (LC11, n = 21),
46.5 ± 0.6 Ma (LC07, n = 24), 39.1 ± 0.9 Ma (LL02, n = 23), and 42.4 ± 0.8 Ma (LL08 n = 24; Figure 3, Table 1,
and Supporting Information 1).

The new U-Pb ages obtained and the available geochronological data published in this region (Table 1 and
Figure 3) constrain the crystallization age of plutonic units from which the samples have been collected for
thermochronometric analysis. Sampled units in the Coastal Cordillera, north and south of 31.5°S, consist of
Lower and Upper Cretaceous plutonic rocks. North of 31.5°S, sampled units in the Main Cordillera consist
of Lower Permian gneissic rocks and Lower Permian, Mid-Permian, Middle Triassic, Upper Triassic, Lower
Cretaceous, Upper Cretaceous to Paleocene and Eocene plutonic rocks, whereas samples collected in the
Frontal Cordillera consist of Middle Triassic granitoid bodies. Finally, south of 31.5°S sampled units in the
Main Cordillera consist of Eocene and Paleocene plutonic rocks.
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5.2. Thermochronology

In Tables 1, 28 new AFT pooled ages and 18 new AHe mean ages at ±1σ
error are presented. Error in AHe mean ages is the ±1σ standard deviation
on individual ages. Analytical uncertainties in AFT individual grain ages
are related to U measurements and track counting uncertainty (see
Supporting Information 2 for the number of grains analyzed for each
sample), whereas in AHe individual grain ages the analytical error
(Supporting Information 3) is related to uncertainties in U, Th, and He mea-
surements and grain length uncertainty.

5.2.1. Coastal Cordillera
North of 31.5°S, AFT ages are 65.9 ± 2.7 Ma, 51.2 ± 3.3 Ma, and 49.8 ± 3.3 Ma,
decreasing from west to east (Figures 3 and 4a and Table 1), with Mean Track
Length (MTL) ranging from 14.22 ± 1.55 to 13.57 ± 2.11 μm. Dpar values are
generally high, between 2.53 ± 0.32 and 1.88 ± 0.14 μm (Table 1), suggesting
potential high-T-annealing apatites (Donelick et al., 2005).

South of 31.5°S, AFT ages fall in an age range of 68.3 ± 3.8 to 41.4 ± 2.2 Ma (Figure 3), similar to the range of
AFT ages obtained for samples of the Coastal Cordillera in the northern segment (Figure 4a). MTL are from
14.68 ± 1.34 to 13.88 ± 1.9 μm (Table 1). Samples collected in the vertical profile from rocks assigned to
the Lower Cretaceous plutonic belt (LC01, LC02, LC03, and LC04) present AFT ages similar within error
(Table 1 and Figure 4a). Dpar values from apatites are generally high, ranging between mostly 2.82 ± 0.2
and 2.01 ± 0.15 μm (Table 1), indicating that they probably correspond to high-T-annealing apatites
(Donelick et al., 2005). Only one low Dpar value of 1.67 ± 0.11 μm (LC09; Figure 5), most representative of
a low-T-annealing apatite (Donelick et al., 2005), is observed among samples from the Coastal Cordillera in
the segment south of 31.5°S (Table 1). It is important to point out that sample LC09 yielded the youngest
AFT age from the Coastal Cordillera (Figure 5). With respect to AHe data, four AHe mean ages were obtained
from the Lower Cretaceous plutonic rocks of the vertical section in the segment south of 31.5°S (Table 1 and
Figure 3). The mean AHe ages are 30.5 ± 3.8 Ma (LC01, n = 5), 31.5 ± 1.6 Ma (LC02, n = 4), 23.5 ± 6.5 Ma (LC03,
n = 6), and 28.5 ± 4.0 Ma (LC04, n = 3), corresponding to the same age within error (Figure 4b).

5.2.2. Main Cordillera
North of 31.5°S, AFT ages obtained in Upper Cretaceous to Paleocene and Eocene units next to the topo-
graphic frontrange between 39.2 ± 2.3 and 31.3 ± 1.5 Ma, with MTL between 15.00 ± 1.44 and
13.86 ± 1.30 μm and Dpar values between 2.86 ± 0.17 and 1.73 ± 0.11 μm, representative of both high-T
and low-T-annealing apatites (Table 1 and Figure 3). Farther east, AFT ages obtained for samples JA07,
JA05, and LE02 collected from the Paleozoic crystalline core of the Main Cordillera present similar ages within
errors of 20.3 ± 1.2 Ma, 19.6 ± 0.7 Ma, and 22.0 ± 1.4 Ma, respectively (Table 1 and Figure 3) with MTL of
14.12 ± 1.38, 14.10 ± 1.7, and 13.79 ± 1.52 μm (Table 1). Dpar values of JA07, JA05, and LE02 are
1.61 ± 0.19, 1.92 ± 0.13, and 1.68 ± 0.21 μm, respectively, which may imply that dated apatites from those
samples were low-T-annealing apatites (Donelick et al., 2005). Still farther east, samples LE03, LE04, and
LE06, collected along the eastern border of the Main Cordillera (Figures 3 and 4a), present AFT ages of
36.0 ± 3.1, 27.2 ± 2.1, and 36.0 ± 1.5 Ma, respectively, identical within error (Table 1 and Figures 3 and 4a).
MTLs of this samples range between 13.88 ± 1.76 and 12.97 ± 1.86 μm (Table 1). In general, samples with
Dpar values <2 μm gave the youngest AFT ages (LE04), whereas samples with Dpar values >2 μm have
the oldest AFT ages (LE03 and LE06; Table 1 and Figure 5). Along the same segment, AHe mean ages from
the Upper Cretaceous to Paleocene and Eocene units next to the topographic front are 16.0 ± 2.1 Ma
(LL08, n = 4), 19.0 ± 3.4 Ma (LL06, n = 4), 21.4 ± 2.5 Ma (LL07, n = 3), 17.6 ± 2.7 Ma (LL02, n = 4), and
18.1 ± 1.2 Ma (LL01, n = 4) from north to south (Table 1 and Figures 3 and 4b). Farther east, AHe mean ages
of sample LE02 collected along the Paleozoic crystalline core of the Main Cordillera and sample LE03 col-
lected on the eastern border of the Main Cordillera are similar within errors at 12.0 ± 5.4 (n = 4) Ma and
10.0 ± 1.2 Ma (n = 4), respectively (Figure 3).

South of 31.5°S, AFT ages of samples collected next to the topographic front from the vertical profile on
Eocene rocks are generally the same within error, ranging between 41.7 ± 2.5 and 30.0 ± 1.6 Ma, except
for sample LC16 that has a much younger age of 21.6 ± 1.4 Ma (Table 1 and Figure 3). MTL are between

Figure 5. Dpar versus AFT ages of samples collected throughout the Coastal,
Main and Frontal Cordilleras.
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14.96 ± 1.39 and 14.5 ± 1.9 μm, whereas Dpar values are generally between 2.62 ± 0.18 and 2.32 ± 0.38 μm
and are representative of high-T-annealing apatites (Donelick et al., 2005; Table 1). The only exception corre-
sponds to LC16, the youngest AFT age in the vertical section, which presents a Dpar value of 1.61 ± 0.14 μm
(Table 1) representative of low-T-annealing apatites (Donelick et al., 2005). Farther south, the two AFT ages
obtained from Upper Cretaceous to Paleocene plutonic belt are 43.7 ± 2.5 (LC15) and 16.0 ± 1.7 Ma (LC11)
from west to east (Figures 3 and 4a), with MTL of 14.59 ± 2.17 and 14.57 ± 1.5 μm, respectively, and Dpar
values representative of high-T-annealing apatites (Donelick et al., 2005). In turn, AHe mean ages (Table 1
and Figures 3 and 4b) of samples collected from the vertical section of Eocene rocks are 16.0 ± 3.2 Ma
(LC05, n = 6), 15.5 ± 0.9 Ma (LC07, n = 3), 11.8 ± 0.8 Ma (LC08, n = 4), 17.4 ± 3.9 Ma (LC16, n = 3),
10.0 ± 1.4 Ma (LC17, n = 3), and 12.5 ± 4.5 Ma (LC18, n = 4) Finally, toward the south samples from the
Upper Cretaceous to Paleocene units display AHe mean ages of 10.5 ± 2.2 Ma (LC15, n = 4), and
5.6 ± 2.8 Ma (LC15, n = 4), getting younger toward the east (Figure 4b).
5.2.3. Frontal Cordillera
The easternmost sample collected north of 31.5°S is LE05 (Figures 3 and 4a) and presents the youngest AFT
age of 8.4 ± 0.8 Ma in this segment (Table 1 and Figure 4a) with MTL of 14.10 ± 1.48 μm (Table 1). The Dpar
value of 1.84 ± 0.4 μm of sample LE05 is maybe representative of low-T-annealing apatites (Donelick et al.,
2005). The AHe mean age obtained for sample LE05 (n = 4) is 6.9 ± 0.6 Ma, the youngest recognized north
of 31.5°S (Figures 3 and 4b).

5.3. Apatite Chlorine Composition

Most of the apatites presenting high Dpar values are chlorine-rich (> 1% within error), reaching chlorine con-
tents as high as 2.3 wt% (LC02; Table 1). From the information given in section 5.2., it seems probable that
Dpar values could indicate variable annealing kinetics controlling AFT ages. In fact, samples from the Main
and Frontal Cordilleras with Dpar <2 μm tend to present younger AFT ages than samples with Dpar >2 μm
(Table 1). Figure 5 shows that a positive correlation between Dpar values and AFT age exists in samples from
the Coastal, Main, and Frontal Cordilleras. Most of the apatites presenting high Dpar values are chlorine-rich
(>1% within error), reaching chlorine contents as high as 2.3 wt% (LC02; Table 1). Closure temperatures cor-
responding to themeasured chlorine contents were calculated using HeFTy (Ketcham, 2005) assuming a typi-
cal cooling rate of 10 °C/Ma (e.g., Djimbi et al., 2015). The closure temperatures estimated are as high as 137 °C
(LC02; Table 1), much higher than the nominal closure temperature of ~100 °C usually considered for the AFT
system (Ketcham et al., 1999; Reiners & Brandon, 2006). When comparing the closure temperatures predicted
by the chlorine content with those estimated by the Dpar values in the same sample, differences as high as
18 °C are observed on some samples (LC02; Table 1), while others show no notable differences (e.g., LC15;
Table 1). Regardless, the trends corroborate the positive correlation between Dpar and AFT ages, supporting
the idea that composition-linked differences in thermal sensitivity are influencing the ages. As will be
explained later, the divergences in predicted closure temperature for the AFT system between the Dpar
and wt%Cl kinetic parameters may be critical when attempting to explain AFT and AHe data simultaneously.

6. Modeling of Thermochronological Data

We present next the procedure followed to analyze the thermochronological data and discuss the reliability
of Dpar data measured in chlorine-rich apatites. We used the HeFTy program of Ketcham (2005) for thermal
history modeling of our thermochronological data. AHe mean dates were used for the thermal history simu-
lations. The annealing model of Ketcham et al. (1999) is used for AFT data and the Radiation Damage
Accumulation Model (RDAAM) model of Flowers et al. (2009) for AHe data. The use of the RDAAM needs
an additional explanation. This model uses a fission track annealing model to follow radiation damage accu-
mulation due to the ejection of alpha particles inside the apatite crystal in the AHe system (Flowers et al.,
2009). Radiation damage has an effect in the AHe system that is analogous to the chlorine effect in the
AFT system, as higher amounts of radiation damage are associated with higher helium closure temperatures
(Shuster et al., 2006). The effective U concentration (eU; Supporting Information 3) is the proxy used to
account for radiation damage accumulation, provided that the apatite grains experienced the same thermal
history (Flowers et al., 2009). The radiation damage effect manifests itself as a positive relationship between
apatite AHe date and eU for slowly cooled samples or uniform dates regardless of eU for fast cooled samples
(Flowers et al., 2009). As a calibration point, Durango apatite displays an eU ~50 ppm, this raised its closure
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temperature by about 15 °C according to RDAAM. While most of our samples display eU mean values lower
than ~50 ppm, a few samples display higher eU mean values (Supporting Information 3), suggesting that
helium closure temperature may be higher for those few samples due to radiation damage effect. For this
reason, the RADAAM model was chosen for modeling AHe data.

For samples collected from the Lower Cretaceous plutonic belt in the Coastal Cordillera south of 31.5°S (LC01
to LC04) no possible thermal histories encompassing both AHe and AFT data are found using Dpar as the
kinetic parameter. Although the Dpar values of these samples are higher than 2 μm (Table 1), they are not
high enough to predict thermal histories that also encompass the associated AHe data, due to the large dif-
ference between AFT and AHe ages and the generally long tracks (>14 μm). Because the measured chlorine
contents generally imply closure temperatures that are higher than the ones predicted by the Dpar values,
use of Cl as a kinetic variable may be more appropriate here. However, because chlorine analyses were not
performed exactly in the same grains on which fission tracks were counted and measured, an additionally
layer of uncertainty is added to our thermochronological modeling. Despite this limitation, some models
were run for sample LC02 using chlorine content as a kinetic parameter. Inversions that could simultaneously
encompass both AHe and AFT data were obtained for LC02, corroborating that in this case, thermal modeling
tend to be more successful by combining the AFT Cl data with AHe.

For the Main and Frontal Cordilleras, thermal models encompassing both, AFT and AHe data, are possible for
samples with Dpar values<2 μm, which pass the chi-square test. This is in good agreement with the fact that
apatites with Dpar<2 μm are considered fluorine-rich apatites, and no unusual compositional effects on AFT
ages are to be expected (Ketcham et al., 1999). Therefore, herein thermal models are presented only for sam-
ples with Dpar values <2 μm that pass the Chi-square test.

For sample LL07 the initial constraint corresponds to the age of the rock (Table 1) at temperatures higher than
160–200 °C. The numbers of Dpar values measured on individual apatites grains from sample LL07 is 179.
Most Dpar values are <2 μm (176) with only three measurements >2 μm. These three grains presenting
Dpar values >2 μm were excluded from the modeling as no thermal modeling solutions were found when
they were considered.

Sample JA07 presents an U-Pb age of ~284 Ma that is much older than its AFT age of ~20 Ma (Table 1). MTL
>14 μm and Dpar <2 μm indicate that sample JA07 underwent accelerated cooling through the partial
annealing zone (PAZ). The available geological information is insufficient to constraint the thermal history
of this sample before it acquired its AFT age. Therefore, the initial constrain used is an age of approximately
25–30 Ma, older than its AFT age approximately 20 Ma, at temperatures higher than 160 °C.

Despite its plutonic origin, LE04 presents two distinct populations of apatites with divergent AFT ages, Dpar,
and track length values. This might be related to compositional differences between the individual apatite
grains analyzed in this sample. Thermal models of LE04 were run as a two-population sample, as they pass
the chi-square test. The age of the rock from which LE04 was sampled is approximately 285 Ma much older
than its AFT age of approximately 27 Ma. According to the available geological information, the La Plata Fault
(Figure 2) uplifted the block where LE04 was collected over Upper Jurassic rocks to the east, probably during
the early to during the Peruvian (late Early to early Late Cretaceous) orogenic phase (e.g., Amilibia et al., 2008).
Thus, we added additional constraints to explore the possibility of re-heating or quiescence during the Late
Cretaceous to early Paleocene, with and initial constrain of 90–85 Ma at temperatures higher than 200 °C.

Sample LE05 was collected from Permo-Triassic rocks, presenting much younger AFT age of approximately
8 Ma and AHe age of approximately 7 Ma (Table 1). MTL >14 μm and Dpar <2 μm and similar AFT and
AHe ages indicate that sample LE05 underwent accelerated cooling through PAZ and partial retention zone.
The available geological information is not detailed enough to constrain the thermal history of this sample
before it acquired its AFT age. Therefore, the initial constrain used is an age of 10–11 Ma, older than its
AFT and AHe ages, at temperatures higher than 160 °C.

6.1. Coastal Cordillera

North of 31.5°S, no thermal models were run for sample G4 collected from the Lower Cretaceous plutonic belt
Coastal Cordillera as no AHe ages were obtained for them. We made this to maintain a consistent basis for
comparison with samples from the Coastal Cordillera south of 31.5°S, where thermal models include both
AFT and AHe data. However, the AFT age of 65.9 ± 2.7 Ma, with MTL >14 μm and Dpar <2 μm obtained in

10.1029/2018TC004997Tectonics

RODRÍGUEZ ET AL. 2874



sample G4 from the Lower Cretaceous plutonic belt, suggests that these rocks underwent rapid cooling
though the PAZ during Late Cretaceous to Paleocene times.

South of 31.5°S, chlorine content was used as the AFT kinetic parameter for sample LC02 from the Lower
Cretaceous plutonic belt (Figure 6b). The thermal models obtained suggest that rocks from the Lower
Cretaceous plutonic belt in the Coastal Cordillera south of 31.5°S underwent accelerated cooling approxi-
mately 65–45 Ma and finally cooled gradually since approximately 45 Ma (Figure 6b). This result is similar
to the thermal history deduced by AFT age, MTL, and Dpar values for sample G4 from the Lower
Cretaceous plutonic belt north of 31.5°S.

6.2. Main Cordillera

North of 31.5°S, sample LL07 was collected from the domain next to the topographic front and belongs to the
Upper Cretaceous to Paleocene intrusive belt (Pineda & Calderón, 2008). Thermal modeling of AFT and AHe

Figure 6. (a) Thermal history inversion models of thermochronological data obtained for samples LL07, JA07, LE04, and LE05 north of 31.5°S. The results are dis-
played as temperature-time (T-t) paths for good (black) and acceptable (gray) fit histories. Location of each sample is shown in a schematic geological cross sec-
tion based in Mpodozis and Cornejo (1988), Nasi et al. (1990), and Pineda and Emparán (2006). (b) Thermal models of thermochronological data obtained for samples
LL07, JA07, LE04, and LE05 north of 31.5°S. Location of each sample is shown in a schematic geological cross section based in Rivano and Sepúlveda (1991) and Jara
and Charrier (2014). The results are displayed as temperature-time (T-t) paths for good (black) and acceptable (gray) fit histories.
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data from sample LL07 indicates that rocks from the Main Cordillera next to the topographic front in the seg-
ment north of 31.5°S were progressively cooled starting before approximately 40 Ma and extending until
20 Ma (Figure 6a). Farther east, thermal modeling of sample JA07 is consistent with a thermal history in which
rocks from the Main Cordillera’s crystalline core north of 31.5°S experienced accelerated cooling by approxi-
mately 22–14 Ma. Still farther east, sample LE04 was collected along the eastern border of the Main Cordillera
in the same segment. Thermal models of LE04 are consistent with two periods of cooling (Figure 6a), includ-
ing a first period of accelerated cooling starting at some moment during the Late Cretaceous or early
Paleocene (approximately 90–55 Ma) and the second period of continuous cooling starting at some moment
during the early Eocene to early Oligocene (approximately 40–30 Ma) and extending until the present
day (Figure 6a).

South of 31.5°S, sample LC16 corresponds to an Eocene plutonic unit cropping out next to the topographic
front. Thermal modeling of AFT and AHe data from sample LC16 is consistent with accelerated cooling from
approximately 22 to 14 Ma throughout the Main Cordillera south of 31.5°S (Figure 6b).

6.3. Frontal Cordillera

Sample LE05 from the Frontal Cordillera corresponds to the easternmost sample collected in the segment
north of 31.5°S (Figure 3). Thermal modeling of AFT and AHe data of sample LE05 shows one episode of accel-
erated cooling around approximately 7 Ma (Figure 6a).

7. Discussion
7.1. Magmatic Versus Tectonic Versus Climatic Effects

In the studied region, the several north-south oriented intrusive belts (with eastward decreasing ages) indi-
cate almost continuous arc-related magmatic activity from the Early Jurassic to the middle Miocene
(Figure 2). Therefore, in order to interpret thermochronological data in terms of exhumation, it is first neces-
sary to exclude the possibility that the AFT and AHe ages would be reset by subsequent magmatism.
7.1.1. Coastal Cordillera
North of 31.5°S, the AFT age measured on sample G4 (Figure 3 and Table 1) is the same within error as the
available K-Ar and 40Ar-39Ar biotite and U-Pb zircon ages ranging between 76 ± 2 and 63.8 ± 0.7 Ma for
the Upper Cretaceous to Paleocene belt (Arévalo et al., 2009). As previously explained AFT data of sample
G4 suggest that these rocks underwent rapid cooling through the PAZ during the Upper Cretaceous to
Paleocene. Although rocks belonging to the Upper Cretaceous to Paleocene belt do not intrude the Lower
Cretaceous belt where the mentioned sample was collected, the subsurface geometry of Upper
Cretaceous to Paleocene plutons, located approximately 30 km to the east, is unknown. Therefore, it is not
possible to fully discard resetting due to subsequent magmatism as a probable explanation for the AFT ages.
However, according to Arévalo et al. (2009) this area of the Coastal Cordillera underwent shortening near the
Cretaceous-Paleocene boundary. Thus, AFT data on sample G4 possible reflect compressive events leading to
the tectonic inversion of early Mesozoic extensional basins during the K-T (Cretaceous-Paleogene boundary)
orogenic phase and syntectonic magmatism.

South of 31.5°S, sample LC09 from the southern Choapa Valley, which displays a U-Pb zircon age of
75.8 ± 7.1 Ma (Figure 3 and Table 1), correlates with a series of Upper Cretaceous stocks, with K-Ar whole rock
and biotite ages ranging between 83 ± 3 and 76 ± 3 Ma, that intrude the Lower Cretaceous plutonic belt
mostly on its eastern border (Figure 3; Rivano & Sepúlveda, 1991; Emparan & Pineda, 2006). This age range
overlaps with the episode of accelerated cooling shown by some of the thermal models with acceptable fit-
ting for sample LC02 of the Lower Cretaceous plutonic belt (Figure 6b). However, these Upper Cretaceous
stocks have been interpreted to be syntectonic with episodes of tectonic inversion affecting the early
Mesozoic extensional basins from the Coastal Cordillera during the Peruvian or K-T phases (Emparan &
Pineda, 2006). Therefore, thermochronological data across the Coastal Cordillera in this segment are probably
reflecting the superimposed effects of both tectonic-related exhumation and syntectonic magmatism.
7.1.2. Main Cordillera
North of 31.5°S, samples next to the topographic front were collected from granitoids belonging to the Upper
Cretaceous to Paleocene and the Eocene plutonic belts (Figures 3 and 6a), with crystallization ages between
approximately 69 and 67 Ma and approximately 55 and 34 Ma, respectively (Pineda & Emparán, 2006; Pineda
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& Calderón, 2008). Samples LL01 and LL02 present AFT ages of 36.6 ± 1.8
and 39.2 ± 2.3 Ma, respectively, that are identical within uncertainty as
U-Pb ages of 39.1 ± 0.9 Ma obtained in this work for LL02 (Table 1 and
Figure 3). Thus, samples LL01 and LL02 were cooled through the PAZ of
the AFT system almost simultaneously with their emplacement. In turn,
samples LL06 and LL07 from Upper Cretaceous rocks and sample LL08
from the middle Eocene rocks yield late Eocene to early Oligocene AFT
ages. These ages coincide fairly well with the emplacement ages of intru-
sive units exposed a few kilometers to the east (Pineda & Emparán, 2006;
Pineda & Calderón, 2008; Figure 7a). Thus, AFT ages of LL06, LL07, and
LL08 could reflect, at least in part, the effects of igneous cooling after
the emplacement of late Eocene to early Oligocene plutonic rocks. On
the contrary, AHe analyses of all samples collected next to the topographic
front (LL01, LL02, LL06, LL07, and LL08) display ages between 21 and
16 Ma (Figure 8a), much younger than the AFT and U-Pb ages.
Consistently, thermal modeling of the AFT and AHe data of sample LL07
indicates that these rocks were cooled progressively starting before
approximately 40 and until 20 Ma (Figures 6a and 8a). Because magmatic
cooling occurs in less than 1 Myr, the observed pattern of continuous and
progressive cooling could not be reflecting such effect.

According to geochronological and structural data along the west-vergent
Vicuña Fault (Figures 3 and 6a), shortening would have taken place during
the mid-late Eocene between 45 and 35 Ma (Pineda & Emparán, 2006;
Pineda & Calderón, 2008). Thus, AFT ages ranging between approximately
39 and 33 Ma next to the topographic front (Figure 8a) probably reflect
both the effects of igneous cooling and exhumation related to contrac-
tional deformation along this fault and building of the Incaic Range north
of 31.5°S, as previously interpreted for AFT data obtained along the Main
Cordillera next to the topographic front in the Elqui Valley (Cembrano
et al., 2003; Lossada et al., 2017). Progressive cooling until approximately
20 Ma ago is in good agreement with paleogeographic reconstructions
pointing out that the Incaic Range was a main morphological feature long
after the mid-late Eocene tectonic event (Bissig & Riquelme, 2010; Charrier
et al., 2009; Riquelme et al., 2007). However, the main faults along the wes-
tern topographic front in this segment have been sealed by intrusive units
with ages between approximately 45 and 35 Ma (Pineda & Emparán, 2006;
Pineda & Calderón, 2008). Thus, the endurance of the Incaic Range as the
main locus of exhumation until the early Miocene may be in part related to
the dry climate in this part of the Andes. It is possible that the drying asso-
ciated with global rapid cooling of climate at the Eocene-Oligocene transi-
tion (e.g., Zachos et al., 2001; Dupont-Nivet et al., 2007) may have
prevented the eastward advance of retrograde erosion toward the interior
of the Main Cordillera.

Farther east along the segment north of 31.5°S, samples JA05, JA07, and LE02 were collected from the
Paleozoic crystalline core of the Main Cordillera (Figures 3 and 6a). As no lower to middle Miocene plutonic
rocks intrude this part of the Main Cordillera, the period of accelerated cooling through the PAZ around
approximately 22–14 Ma recognized for sample JA07 (Figures 6a and 8a) is more probably related to exhu-
mation. Southward from where JA07 was collected, but still in the segment north of 31.5°S, sample LE02 pre-
sents a Dpar <2 μm. Similar to JA07, this sample presents an AFT age of approximately 22 Ma (Figure 3) and
long fission tracks (>14 μm; Table 1) indicating that it cooled through the PAZ shortly after 22 Ma. Taking
together the AFT age and the AHe age of 12 ± 5.4 Ma for sample LE02 (Figure 3 and Table 1), they are con-
sistent with rapid exhumation through both the PAZ and partial retention zone during the early to middle
Miocene. Therefore, AFT and AHe data from this sample are consistent with the thermal modeling of AFT

Figure 7. Locations in Figure 3. (a) The shaded relief image showing out-
crops of plutonic units within the Limarí valley with AFT ages (in blue) and
K-Ar ages for Eocene and Oligocene plutonic units (in black) from Pineda and
Calderón (2008). (b) The shaded relief image showing exposures of plutonic
units within the southern Choapa Valley with AFT ages (in blue) and K-Ar
ages for Miocene plutonic units (in black) from Rivano and Sepúlveda (1991).
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data of JA07. Finally, AFT and AHe data from samples JA07 and LE02 are interpreted as reflecting tectonic-
induced exhumation during the early to middle Miocene along the Paleozoic core of the Main Cordillera in
the segment north of 31.5°S. Although it is not clear which faults may be involved in this exhumation
event at the latitude of the Elqui River, the east vergent Pinte Fault (Moscoso & Mpodozis, 1988) may be
responsible for early to middle Miocene accelerated exhumation in the Huasco River area in the northern
part of the studied region.

Still farther east along the segment north of 31.5°S, at the eastern border of the Main Cordillera, the first per-
iod of accelerated cooling during the Late Cretaceous or early Paleocene (ca. 90–55 Ma) recognized for sam-
ple LE04 (Figures 6a and 8a) cannot be related to magmatic effects as intrusive rocks of such age crop out
farther west, at the border between the Coastal and Main Cordilleras (Figures 2, 3 and 6a). Accelerated cool-
ing during the Late Cretaceous or early Paleocene is interpreted as rather reflecting exhumation of rocks
related to partial tectonic inversion of early Mesozoic extensional basins during the Peruvian (late Early to
early Late Cretaceous) or K-T (Cretaceous-Paleogene boundary) orogenic phases as it has been shown to
have occurred along the border between the Main and Frontal Cordilleras in the Copiapó River area approxi-
mately 50 km north of the studied region (Martínez et al., 2012). The following period of cooling observed in
this sample that started at some point during the Eocene or early Oligocene (approximately 40–30 Ma) is not
easily explicable (Figures 6a and 8a). During the Oligocene, an extensional intra-arc basin developed in the
Frontal Cordillera, represented by the outcrops of Doña Ana Hill (Figures 2 and 6a). However, extensional con-
ditions started approximately 27 Ma ago (Winocur et al., 2015), strictly after the beginning of the second per-
iod of cooling identified in sample LE04. Thus, cooling starting between approximately 40–30 Ma may not be
related to exhumation induced by the extensional conditions leading to development of the intra-arc basin
to the east.

Recently published geological maps (Salazar & Coloma, 2016) and morphostructural analysis (Rossel et al.,
2016) recognize Eocene contraction taking place at the border between the Main and Frontal Cordilleras
along the Huasco River in the northern part of the studied region. Moreover, geochemical signatures of
Eocene plutonic rocks emplaced in the Elqui River area (Bocatoma stocks, Winocur et al., 2015) indicate that
these rocks developed in a compressional arc environment. Thus, the cooling onset at approximately 40–
30Ma for LE04 and AFT ages approximately 36–27Ma for LE03 and LE06 (Figure 8a) are interpreted as reflect-
ing exhumation of rocks due to late Eocene compression affecting the eastern border of the Main Cordillera
north of 31.5°S. Reverse movements along the east vergent La Plata Fault (Figures 2 and 6a) may have
uplifted the eastern border of the Main Cordillera during the late Eocene in the area where LE04 was col-
lected. From the late Eocene onward, exhumation presents a progressive trend after this contractional event,
similar to what has been described at the western border of the Main Cordillera (sample LL07) along the same
segment (Figure 8a). There are no geological records for shortening taking place after the Oligocene along
the eastern border of the Main Cordillera north of 31.5°S (Salazar & Coloma, 2016; Nasi et al., 1990). Thus, it

Figure 8. Summary of thermochronological data for segments (a) north of 31.5°S and (b) south of 31.5°S. AFT ages in blue, AHe ages in green, and thermal histories
derived by modeling of thermocronometric data marked by grey squares. Tectonic events marked by pale yellow squares and large-scale plate tectonics events
marked by red lines.
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is interpreted that landscape in this area has been in a transient state since the Oligocene as a consequence
of the semiarid to arid climatic conditions established after rapid cooling of climate at the Eocene-Oligocene
transition (e.g., Zachos et al., 2001; Dupont-Nivet et al., 2007).

In the segment south of 31.5°S, sample LC16 collected next to the topographic front, is the only sample for
which a coherent thermal history was obtained (Figure 6b). According to this model, the area next to the
topographic front underwent an episode of accelerated cooling at ca. 22–14 Ma, which is in good agreement
with AHe ages between ca. 17 and 10 Ma obtained for the rest of the samples collected next to the topo-
graphic front (Figure 8b). Exposures of Miocene plutonic rocks are mostly constrained to the area south of
32°S (Figure 2), and therefore Miocene magmatism could not have reset thermochronological ages. Thus,
accelerated cooling at 22–14 Ma (Figure 8b) suggests that rocks next to the topographic front south of
31.5°S underwent a main period of tectonic-induced exhumation during the early to mid-Miocene.
Tectonic movements along the west vergent Llimpo Fault could be responsible for uplifting the block where
LC16 was collected (Figures 2 and 6b). No thermal models were obtained for the rest of the samples collected
next to the topographic front due to the large difference between AFT and AHe ages, long fission tracks
>14 μm and too-small Dpar values. However, the measured AFT ages approximately 43–30 Ma (Figure 8b)
cannot be ruled out as they indicate that rocks from the Main Cordillera next to the topographic front south
of 31.5°S were cooled through PAZ coevally or shortly after their emplacement given by U-Pb ages at approxi-
mately 46 Ma (Figure 3). Although no late Eocene reverse faults have been recognized south of 30°S, paleo-
magnetic reconstructions show that block rotations between 31.5 and 33°S mainly occurred in the early to
mid-Miocene but after an initial Eocene-Oligocene phase (Arriagada et al., 2013). Thus, AFT ages approxi-
mately 43–30 Ma close to the topographic front south of 31.5°S are probably related to this earlier phase.
Farther structural geology works are needed to better understand the Incaic Orogeny in this segment. One
possibility is that the Llimpo Fault was active during the late Eocene shortening too. The easternmost sample
collected south of 31.5°S, LC11, presents an AFT age of 16 ± 1.7 Ma (Figure 8b), which is similar to the empla-
cement ages of early Miocene intrusive rocks cropping out a few kilometers to the east (Figure 7b). Here the
southernmost extension of the Llimpo Fault is unclear (Figure 2). However, given that this fault has been
interpreted to have uplifted the eastern block from approximately 22 to 14 Ma in the same segment, but
farther north, one possible explanation is that the AFT age of 16 ± 1.7 Ma could be reflecting both cooling
after emplacement of the early Miocene belt and coeval exhumation due to west vergent tectonic move-
ments along the Llimpo Fault. Conversely, the AHe age of 6.9 ± 0.4 Ma for sample LC11 (Figure 8b) is much
younger and cannot be related to any intrusions (Figure 7b). Thus, the easternmost sample collected south of
31.5°S, LC11, is interpreted to have been exhumed at approximately 7 Ma. It has been suggested that global
acceleration of glacial erosion in mountain belts may occur related to the onset of glaciation in the poles (e.g.,
Herman et al., 2013). In particular, it is known that glaciation in Patagonia started approximately 7 Ma (Mercer
& Sutter, 1982). However, sample LC11 was collected near the bottom of a fluvial valley presenting no signs of
previous glacial erosion. Therefore, exhumation around 7 Ma cannot be related to enhance glacial erosion
and thus was probably induced by tectonic-driven erosion, although it is unclear which fault may be respon-
sible for exhumation.
7.1.3. Frontal Cordillera
Thermal models for sample LE05 point to a main period of accelerated cooling affecting the Frontal
Cordillera at about approximately 7 Ma (Figures 6a and 8a). As no intrusive units presenting a similar
age are recognized for this area (Bissig et al., 2011), magmatic reheating is ruled out. As explained for
the easternmost sample collected in the segment south of 31.5°S, sample LE05 was collected near the
bottom of a fluvial valley presenting no signs of previous glacial erosion. On the contrary, accelerated cool-
ing around 7 Ma indicates that exhumation is coeval with the final stages of inversion of the late
Oligocene intra-arc basin (Winocur, 2010) and uplift of planation surfaces near the international border
with Argentina (Bissig et al., 2002). Tectonic movements along the east vergent Baños del Toro Fault
may be responsible for exhumation approximately 7 Ma along the Frontal Cordillera in the Elqui valley
where LE05 was collected.

7.2. North to South Variability in Exhumation Timing

Thermochronological data from north-central Chile show that exhumation in this Andean region shifted gra-
dually to the east in Late Cretaceous to late Neogene times. However, the obtained data indicate latitudinal
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variations in the main periods of exhumation related to the development of the western topographic front
north and south of 31.5°S (Figures 8 and 9).

For the segment between 28.5°and 31.5°S, AFT data indicate tectonic-induced exhumation related to the
development of the western topographic front began before approximately 40 Ma (Figure 8a), building
the Incaic Range (Charrier et al., 2007; 2009; Lossada et al., 2017; Martínez et al., 2017) along the western bor-
der of the Main Cordillera (Figure 9a). AFT ages of approximately 36–27 Ma (Figure 8a) and the period of
exhumation starting at some point between approximately 40 and30 Ma (Figure 8a) identified by thermal
modeling indicate that exhumation also took place on the eastern border of the Main Cordillera during
the late Eocene (Figure 9a). Besides the Coastal Cordillera, the western and eastern borders of the Main
Cordillera are the domains where the inherited architecture from the early Mesozoic extensional period is

Figure 9. Schematic chronologic evolution of the Andes of north-central Chile and the development of the western topo-
graphic front since the Eocene in the segments (a) north of 31.5°S and (b) south of 31.5°S. Geological legend in Figure 2. The
black arrows mark areas that underwent uplift-induced exhumation throughout the Cenozoic interpreted from thermo-
chronogical data. CC = Coastal Cordillera, MC = Main Cordillera, FC = Frontal Cordillera. VSFF = Vicuña-San Félix Fault,
RF = Rivadavia Fault, LPF = La Plata Fault, PF = Pinte Fault, BDTF = Baños del Toro Fault, LF = Llimpo Fault.
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mostly preserved (Figures 2, 6a, and 9a). The reverse Vicuña-San Félix and Rivadavia Faults along the western
border of the Main Cordillera and the La Plata Fault along the eastern border of theMain Cordillera (Figure 6a)
correspond to early Mesozoic rift faults, inverted in the late Eocene according to the data presented here
(Figure 9a). This is in good agreement with previous work showing that Eocene shortening in the Chilean
Andes is mainly controlled by preexisting early Mesozoic extensional faults (Amilibia et al., 2008; Martínez
et al., 2017). In this scenario, the Paleozoic crystalline core of the Main Cordillera (Figure 6a) seems to have
acted as a buttress during Eocene inversion, allowing shortening to occur only at the western and eastern
borders of the Main Cordillera where the inverted early Mesozoic rift-faults are located (Figure 9a). Thermal
models indicate that landscapes along the western and eastern border of the Main Cordillera have been in
a transient state until the present-day (Figure 9a). This may be in part due to prevailing semiarid to arid cli-
matic conditions after global cooling at the Eocene-Oligocene transition in north-central Chile. Such pattern
of exhumation is consistent with the low millennial denudation rate (Carretier et al., 2013; Aguilar et al., 2014)
and the large proportion of low relief surfaces preserved in catchments of this region (Farías et al., 2008;
Rehak et al., 2010; Aguilar et al., 2013; Rodríguez et al., 2015). Thermochronological models and interpretation
of AFT and AHe data indicate that exhumation was resumed by the early to middle Miocene affecting the
crystalline core of the Main Cordillera at approximately 22–14 Ma (Figure 8a), coevally with the early stages
of tectonic inversion of the late Oligocene intra-arc basin developed along the Frontal Cordillera to the east
(Figure 9a). Finally, modeling of AFT and AHe data indicates that the locus of exhumation shifted eastward
into the Frontal Cordillera approximately 7 Ma ago (Figure 8a) coevally with the late stages of tectonic inver-
sion of the late Oligocene intra-arc basin (Figure 9a, Winocur, 2010) .

For the segment between 31.5° and 32°S, thermal modeling of AFT and AHe shows a main period of acceler-
ated exhumation and shortening at approximately 22–14 Ma next to the western topographic front in the
Main Cordillera (Figure 8b), coevally with the tectonic inversion of the late Oligocene intra-arc basin devel-
oped to the east (Figure 9b). Prior to this main period of shortening in the early to middle Miocene, AFT ages
approximately 43–30 Ma (Figure 8b) suggest that an initial period of exhumation occurred in the late Eocene
(Figure 8b). The absence of the Paleozoic crystalline core of the Main Cordillera (Figure 6b), which apparently
acted as a buttress during late Eocene shortening, may have prevented major shortening and uplift from
occurring south of 31.5°S (Figure 9b). Finally, AHe data of the easternmost sample collected south of 31.5°S
(Figure 8b) indicate that the locus of exhumation across the Main Cordillera moved to the east at approxi-
mately 7 Ma (Figure 9b).

7.3. Large-Scale Tectonic Controls on Uplift-Induced Exhumation

Some authors have interpreted that the main periods of exhumation and shortening in north-central Chile
are a consequence of the arrival to the studied region of the southward propagating subduction of the
Juan Fernandez ridge (Arriagada et al., 2013; Cembrano et al., 2003). The ridge reached the northern limit
of studied region at 28°S around 12 Ma ago and the southern limit at 32°S around 10 Ma ago (Yáñez et al.,
2001). The AFT and AHe data presented here indicate that the main periods of exhumation throughout
the studied region occurred around approximately 22–14 Ma and approximately 7 Ma. Thus, exhumation
seems unrelated to the southward migration of the Juan Fernandez ridge. This is understandable considering
that the onset of flat subduction is what actually drives a highly compressive tectonic regime in the continen-
tal margin, not the passing of the Juan Fernandez ridge (Pardo et al., 2002). Martinod et al. (2010) explained
that the delay between the arrival of the ridge and the onset of flat subduction may be due to an insufficient
volume of the ridge subducted at that time to make the slab buoyant or to the rapid southward migration of
the ridge before 10 Ma that precluded development of a horizontal slab. These authors also emphasize that
the most accepted evidence of the onset of flat subduction comes from the evolution of arc volcanism.
Thus, the initiation of slab flattening in the studied region occurred at some point between 9 Ma, when ande-
sitic magmatism in the main arc ended, and 5 Ma, after which arc volcanism became restricted to the Sierras
Pampeanas (Kay & Gordillo, 1994). Regionally, early to middle Miocene accelerated exhumation between
22 and 14 Ma north and south of 31.5°S better correlates with a main period of late Oligocene to mid-
Miocene increased deformation recognized throughout the entire Central Andes from the Altiplano-Puna
plateau (e.g., Charrier et al., 2012; Jordan et al., 2010) to the Main Cordillera of central Chile at 32–36°S
(Charrier et al., 2002; Farías et al., 2010). This episode of increased deformation is thought to be caused by
the dramatic increase in convergence rate between the oceanic and continental plates occurring after
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breakup of the Farallon into the Nazca and Cocos Plates ca. 23 Ma (Pardo-Casas & Molnar, 1987; Seton et al.,
2012; Somoza, 1998). In turn, late Miocene accelerated exhumation around 7 Ma in the Frontal Cordillera
north of 31.5°S and in the eastern reaches of the Main Cordillera south of 31.5°S may be related with the onset
of flat subduction and the concomitant shift of deformation toward the east as recognized by Fosdick et al.
(2015) for the Frontal Cordillera in Argentina at 30°S. Thus, the absence of late Miocene to Pliocene
exhumation ages next to the topographic front in the studied region seems to better correlates with the con-
comitant shift of deformation toward the east, than with present-day precipitation gradients along the strike
of the Andes.

It is also important to discuss how the data set presented here fits the proposed tectonic models for the
studied region. Two main morphotectonic models have been proposed for the area of central Chile to the
south, which differ in the interpretation for themain vergence assigned to the first-order structure controlling
morphotectonic evolution. Farías et al. (2008, 2010) proposes a crustal-scale décollement underneath the
Andean orogen as the first-order structure and an associated second-order westward fault, the San Ramón
Fault, controlling forearc uplift. On the other hand, Armijo et al. (2010) recognizes westward fault propagation
and related folding along the San Ramón Fault (also named WAT, West Andean Thrust), which steps down
eastward, constituting the first-order structure. Armijo et al. (2010) argued for a post 25 Ma activity of the
WAT along the western topographic front at the latitude of Santiago, 200 km south from the studied region,
extrapolating their results for the entire Central Andes. However, the thermochronological ages and model-
ing presented here show that no significant exhumation younger than mid-Miocene occurred along the
western topographic front in the studied region. Thus, the WAT, possibly corresponding to the west-vergent
Vicuña-San Felix and Llimpo faults, has not played a significant role since the mid-Miocene in north-central
Chile between 28.5 and 32°S.

8. Conclusions

Large differences among AFT and AHe ages and thermal modeling of thermochronological data indicate that
little exhumation in the Coastal Cordillera took place during most of the Cenozoic, probably after tectonic
deformation during the Late Cretaceous or early Paleocene.

The Main Cordillera show latitudinal differences in exhumation patterns north and south of 31.5°S. North of
31.5°S, Cenozoic exhumation began before approximately 40–30 Ma at the western and eastern limits of the
Main Cordillera, building the Incaic Range, that was progressively exhumed in a transient state until the early
Miocene. Later, accelerated exhumation focused on the core of the Main Cordillera and in the Frontal
Cordillera at approximately 22–14 Ma and approximately 7 Ma, respectively. South of 31.5°S, accelerated
exhumation in the Main Cordillera mainly occurred around ~ 22–14 Ma next to the topographic front,
whereas to the east exhumation occurred until the late Miocene.

Latitudinal differences in exhumation timing north and south of 31.5°S could be explained by the absence of
the Paleozoic crystalline core of the Main Cordillera south of 31.5°S, which seems to have acted as a buttress
during late Eocene shortening, preventing major shortening and exhumation to occur southwards
from 31.5°S.

The early to middle Miocene episode of accelerated exhumation recognized north and south of 31.5°S is
probably a consequence of a considerable increase in convergence rate between the oceanic and continen-
tal plates occurring after the Farallon breakup into the Nazca and Cocos Plates at 23 Ma.

Finally, late Miocene exhumation along the Frontal Cordillera north of 31.5°S and the eastern reaches of the
Main Cordillera south of 31.5°S is probably the consequence of the onset of flat subduction throughout the
studied region.
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