
HAL Id: hal-01689856
https://hal.science/hal-01689856

Submitted on 22 Jan 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Crustal-scale block tilting during Andean trench-parallel
extension: Structural and geo-thermochronological

insights
Mélanie Noury, M. Bernet, T. F. Schildgen, T. Simon-Labric, Melody

Philippon, T. Sempere

To cite this version:
Mélanie Noury, M. Bernet, T. F. Schildgen, T. Simon-Labric, Melody Philippon, et al.. Crustal-
scale block tilting during Andean trench-parallel extension: Structural and geo-thermochronological
insights. Tectonics, 2016, 35 (9), pp.2052-2069. �10.1002/2016TC004231�. �hal-01689856�

https://hal.science/hal-01689856
https://hal.archives-ouvertes.fr


Crustal-scale block tilting during Andean trench-parallel
extension: Structural and geo-thermochronological
insights
M. Noury1,2,3, M. Bernet1,3, T. F. Schildgen4,5, T. Simon-Labric1,6, M. Philippon2, and T. Sempere1,3,7

1ISTerre, Université Grenoble-Alpes, Grenoble, France, 2Géosciences Montpellier, Université des Antilles, Pointe-à-Pitre,
France, 3ISTerre, CNRS, Grenoble, France, 4Institut für Erd- und Umweltwissenschaften, Universität Potsdam, Potsdam,
Germany, 5Helmholtz Zentrum Potsdam, GeoForschungsZentrum (GFZ) Potsdam, Potsdam, Germany, 6Musée des
Minéraux, Centre de Géologie de l’Oisans, Bourg d’Oisans, France, 7ISTerre, IRD, Le Bourget du Lac, France

Abstract Despite a long history of plate convergence at the western margin of the South American plate
that has been ongoing since at least the Early Paleozoic, the southern Peruvian fore-arc displays little to no
evidence of shortening. In the light of this observation, we assess the deformation history of the southern
Peruvian fore-arc and its geodynamic implications. To accomplish this, we present a new structural and
geo-thermochronological data set (zircon U-Pb, mica 40Ar/39Ar, apatite and zircon fission-track and zircon
(U-Th)/He analyses) for samples collected along a 400 km long transect parallel to the trench. Our results show
that the Mesoproterozoic gneissic basement was mainly at temperatures ≤350°C since the Neoproterozoic and
was later intruded by Jurassic volcanic arc plutons. Along the coast, a peculiar apatite fission-track age pattern,
coupled with field observations and a synthesis of available geological maps, allows us to identify crustal-scale
tilted blocks that span the coastal Peruvian fore-arc. These blocks, bounded by normal faults that are
orthogonal to the trench, suggest post-60Ma trench-parallel extension that potentially accommodated
oroclinal bending in this region. Block tilting is consistent with the observed and previously described switch in
the location of sedimentary sources in the fore-arc basin. Our data set allows us to estimate the cumulative slip
on these faults to be less than 2 km and questions the large amount of trench-parallel extension suggested to
have accommodated this bending.

1. Introduction

The western margin of South America marks one of the oldest active subduction zones in the world. This
setting gave rise to the Central Andes, a mountain belt characterized by the occurrence of the second lar-
gest elevated plateau in the world, the Altiplano-Puna, which shows a broad curvature known as the
Bolivian Orocline (Figure 1, inset). The Andean cordillera contrasts with other major orogens such as the
Alps or Himalayas because it does not result from the collision of two continental plates but from the sub-
duction of the Nazca oceanic plate below the South American continental plate. Moreover, no terrane accre-
tion occurred between 15 and 18°S since ~480Ma [e.g., Ramos and Aleman, 2000]. This portion of the active
margin, and in particular its fore-arc, is thus ideal to study the evolution of the upper plate over a long per-
iod of time.

The dominant paradigm in the Central Andes postulates that crustal thickening mostly resulted from
contractional tectonics, which is believed to have propagated from west (fore-arc) to east (Subandes)
since the Late Cenozoic [Isacks, 1988; Suárez et al., 1983]. However, in southern Peru, the upper crust
of the fore arc is characterized by widespread extensional and strike-slip deformation episodes of various
ages from Late Paleozoic to Cenozoic [Sébrier et al., 1985; Sempere et al., 2004; Roperch et al., 2006;
Schildgen et al., 2009], whereas there is little to no evidence of shortening [James, 1971; Myers, 1975;
Mégard, 1978; Tosdal et al., 1984; Kono et al., 1989; James and Sacks, 1999; Rochat et al., 1999; Sempere
and Jacay, 2006, 2007, 2008]. Few trench-parallel thrusts are reported in the Central Andean fore-arc
and have been described either as dipping to the southwest bounding a tectonic nappe [Moores and
Twiss, 1995] or to the northeast defining the western boundary of the bivergent Andean orogen
[Armijo et al., 2015]. However, it is not excluded that these thrusts are flower structures formed along
strike-slip faults that were active during the formation of the Bolivian Orocline [Jacay et al., 2002;
Flores et al., 2005; Hall et al., 2012].
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Indeed, important counterclockwise rotations of rigid blocks around their vertical axis occurred in the south-
ern Peruvian fore-arc between ~40 and ~20Ma [Roperch et al., 2006]. Arriagada et al. [2008] proposed a 2-D
paleogeographic reconstruction of the margin and calculated that the oroclinal bending was accompanied
by ~200 to 260 km of stretching parallel to the trench between ~10°S and ~30°S (Figure 1, inset). Although
various normal faults that strike perpendicular to the coastline [Bellido and Guevara., 1963; Narvaez, 1964;
Roperch et al., 2006] may have accommodated this extension, the influence of block rotation on the exhuma-
tion history of the rocks exposed at the surface today is poorly documented in the fore-arc, where vertical axis
rotations can reach ~55° [Arriagada et al., 2008].

Studies investigating the Neogene exhumation history of the present-day fore-arc of southern Peru
[Schildgen et al., 2007; Schildgen et al., 2009; Gunnell et al., 2010;Wipf et al., 2008] yielded a wide range of ther-
mochronologic ages: ~5Ma to 75Ma for the apatite (U-Th)/He system and 50 to 105Ma for the apatite fission-
track system. Rock cooling histories reconstructed from these data show that most of the denudation had
occurred before 24Ma and that surface uplift-driven incision of the Ocoña valley (Figure 1) occurred after
14Ma [Schildgen et al., 2007; Schildgen et al., 2009; Gunnell et al., 2010]. In this study, we assess the deforma-
tion history and its potential linkage to oroclinal bending in the fore-arc during the Paleogene. We focus on
the fore-arc of southern Peru between ~14°S and ~17°S, where block rotation was the most important
[Arriagada et al., 2008] (Figure 1, inset). We characterize the thermal evolution of the fore-arc by using five
different thermochronometers (zircon U-Pb, mica 40Ar/39Ar, zircon and apatite fission tracks, and zircon
(U-Th)/He), comprising both new and published data. Combined with field data and a synthesis of available
geological maps, this approach allows us to describe postcooling tilting of blocks due to orogen-parallel
extension accommodated on faults that strike perpendicular to the coastline. Together with the sedimentary

Figure 1. Synthetic geological and structural map of the Southern Peruvian fore arc showing the three groups of intrusive rocks cropping out in the study area.
Red text: AF: Atiquipa Fault, CBa: Coastal Batholith, IF: Iquipi fault, LFS: Lluclla normal Fault System, RTFZ: Río Tambo Fault Zone; OD: Ocoña Detachment. Blue
text SV: Siguas valley, Vv: Vitor valley, Oc: Ocoña canyon, RTv: Rio Tambo valley. Samples location from this study (squares) and Wipf et al. [2008] (stars) are
indicated. The inset shows the Bolivian Orocline, the Altiplano, and the location of the study area (red polygon). The amount of rotation from Arriagada et al.
[2008] is also indicated as well as the principal direction of stretching resulting from these differential and opposite rotations of the northern and southern parts
of the orocline during bending (white arrows).
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architecture of the Cenozoic fore-arc deposits, we better constrain offset on the faults and their timing of
activity with respect to bending of the Bolivian Orocline.

2. Geological Setting of the Peruvian Forearc
2.1. Basement
2.1.1. Proterozoic Schists, Gneiss, and Granulites
The present-day fore-arc of southern Peru provides the best exposed Proterozoic basement inlier of the
South American Pacific coast, the Arequipa Massif [Cobbing and Pitcher, 1972] (Figure 1, black color). It is
exposed along ~600 km of coastline between ~14°S and ~17°S, and outcrops extend from the sea cliffs of
the Coastal Belt to ~100 km inland in the Coastal Batholith (Figure 1). The Arequipa Massif is composed of
ultrahigh temperature (>900°C) Proterozoic granulites between ~17 and ~16.5°S [Martignole and Martelat,
2003; Loewy et al., 2004; Casquet et al., 2010] and gneisses in the Coastal Batholith and northwest of ~16.5°S.
Gneisses are unconformably overlain in the San Juan de Marcona area (~15.5°S) by the Upper
Neoproterozoic, glaciogenic Chiquerio Formation, which experienced greenschist facies metamorphism
during the Early Paleozoic [Chew et al., 2007; Chew and Kirkland, 2011].
2.1.2. Volcanic Arc Intrusives and Deposits
The study area has been located above a major subduction zone since at least the Early Paleozoic, and pos-
sibly since ~650Ma [Chew et al., 2007]. As a result, Phanerozoic rocks overlie and are intruded into the
Arequipa Massif. Ordovician-Silurian subduction-related granitoid intrusions are exposed between 16.25°S
and 17°S [Loewy et al., 2004; Casquet et al., 2010], and Carboniferous to Triassic fore-arc deposits outcropping
mainly near Atico and Ocoña overlie the Arequipa Massif (Figure 1, white color) [Narvaez, 1964; Bellido and
Guevara, 1963; Sempere et al., 2012; Boekhout et al., 2013]. Magmatic activity has been almost continuously
active along the margin of southern Peru since at least the Early Jurassic [Demouy et al., 2012; Boekhout
et al., 2012], although the volcanic arc hasmigrated over time [Mamani et al., 2010]. Three phases of migration
are described: (1) toward the SW between ~200 and ~150Ma, then (2) toward the NE between ~110 and
~30Ma, and then again (3) toward the SW since 30Ma [Mamani et al., 2010]. Lower Jurassic (200–175Ma)
and Upper Jurassic (175–150Ma) plutons intruded the gneissic basement of the Arequipa Massif (Figure 1,
black color) forming the Coastal Batholith (in the Arequipa area, ~30 km inland from the coastline) and the
Ilo Batholith (south of 17.1°S), respectively (Figure 1, grey color). These plutons were themselves intruded
by Upper Cretaceous to Paleocene (90–60Ma) and Lower Cretaceous (110–106Ma) plutons forming the com-
posite Coastal and Ilo Batholith, respectively [Demouy et al., 2012; Boekhout et al., 2012] (Figure 1, light grey
color). Thus, these composite Batholiths, striking parallel to the trench, recorded the two first stages of this
migration (Figure 1).

Volcanic arc products of Jurassic to Lower Cretaceous age overlie the Arequipa Massif and the Ordovician to
Cretaceous intrusive rocks and aremainly located near Atiquipa, north of Ilo, and in themain river valleys [e.g.,
Roperch et al., 2006]. Additionally, a sedimentary succession of ~185–50Mamarine back-arc deposits outcrops
~50 kmnortheast of Aplao and ~50 km southeast of Arequipa [Jenks, 1948; Sempere et al., 2002; Boekhout et al.,
2013]. At map scale, these arc-related plutonic and volcanic rocks crop out in the core of trench-parallel horsts
(Figure 1, white color).

2.2. Moquegua Basin

TheMoquegua basin [Marocco, 1984; Sempere, 2000; Roperch et al., 2006; Decou et al., 2011, 2013] unconform-
ably overlies the aforementioned basement and crops out between Caravelí and La Joya (Figure 1). These
mostly continental fore-arc sediments of Eocene to Pliocene age clearly prograde seaward and were depos-
ited between ~50 and ~4.5Ma [Roperch et al., 2006]. The Moquegua Group is subdivided into four units, from
the Moquegua A (MoqA) at the base to Moquegua D (MoqD) at the top [Sempere et al., 2004; Roperch et al.,
2006]. A detailed map of these deposits (grouping Moquegua A and B) is shown in our compiled structural
map (Figure 2). This basin is described as a foreland-type basin of the Western Cordillera [Armijo et al., 2015].

Close to Caravelí, Moquegua A/B deposits are composed of coarse fluvial conglomerates that evolve toward
the SW through microconglomerates close to Aplao to fine-grained sandstones intercalated with gypsiferous
strata close to Moquegua [Roperch et al., 2006]. In contrast to the Moquegua A/B succession, Moquegua C
deposits are mainly composed of tuffaceous volcanic strata. The base of these deposits is estimated at
~30Ma [Roperch et al., 2006], and the sedimentary facies is increasingly proximal toward the SE. Indeed, in
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the Caravelí area, a marine incursion is recorded by the “Caravelí limestones,” which are interbedded with
volcanic products dated at 25Ma [Noble et al., 1985], whereas numerous fluvial conglomerates are interca-
lated within the tuffs in the Siguas valley (Figure 1). Moreover, these deposits clearly bevel toward the SE
and are totally absent in the Vitor Valley (Figure 1). Moquegua D deposits, composed of coarse continental
conglomerates, unconformably overlie previous Moquegua units.

2.3. Major Structures

The strain pattern of the study area shows two directions of faults: normal and parallel to the trench
(Figure 1). The kinematics (normal or reverse) of these faults are still debated. For example, the
Moquegua basin is bounded by a major fault, the Lluclla fault, that trends parallel to the trench
(Figure 1), which has been interpreted either as normal [Sébrier et al., 1985; Demouy et al., 2012] or reverse
[Armijo et al., 2015]. In addition, several faults strike perpendicular to the coastline. One major structure is
the Río Tambo Fault System, which was described by Roperch et al. [2006] as a dextral fault zone with
60 km of offset. Lateral variations in the geologic units on either side of the Río Tambo valley attest that
the valley marks a major structural feature [Roperch et al., 2006]. Indeed, the metamorphic grade of

Figure 2. Synthetic geological and structural map of the study area showing the Neoproterozoic basement, the arc-related plutons and the arc-related aerial depos-
its. The white triangles display the present-day Andean arc. AF: Atiquipa Fault, IF: Iquipi Fault, LFS: Lluclla normal Fault System, RTFZ: Río Tambo Fault Zone, OD:
Ocoña Detachment. Squares indicate the sample sites. The stereogram, Schmidt projection lower hemisphere, shows field measurement of the Atiquipa Fault (red
planes) and its associated riedels (orange planes).
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Proterozoic rocks increases toward the southeast between Puerto Viejo and the Río Tambo valley (i.e., lati-
tudes 15 to 17°S) [Martignole and Martelat, 2003]. Other trench-perpendicular faults have been mapped
between 17 and 18°S by the Instituto Geológico Minero y Metalúrgico (INGEMMET) [Bellido and Guevara,
1963; Narvaez, 1964].

3. Materials and Methods

In this study we present new thermochronologic data to better constrain the cooling history of the Coastal
Belt of southern Peru (Figure 1). We focused our sampling on a 400 km long profile along the Coastal Belt,
composed of ultrahigh-temperature migmatites intruded by Ordovician and Jurassic plutons. To perform
apatite and zircon fission-track analyses and zircon U-Pb and (U-Th)/He dating, several kilograms of rock spe-
cimens were crushed, and apatite and zircons were extracted from the 100–200μm size fraction by using
standard magnetic and heavy liquid separation techniques. Not all samples yielded enough apatites
and/or zircons to carry out analyses. As a result, samples from a total of 17 localities (Figure 1) could be ana-
lyzed, including 12 for apatite and zircon fission-track analysis (three samples yielded enough apatite and zir-
con to carry out both techniques on these samples), one for zircon (U-Th)/He dating, and four for 40Ar/39Ar
dating on biotite and muscovite. Ten samples were collected from the Proterozoic basement, four from
Ordovician plutonic rocks, and two from granitoids of unknown crystallization age on which we also per-
formed zircon U-Pb analyses.

3.1. Fieldwork and Synthesis of Preexisting Maps

For this study a detailed structural map has been constructed from available geological maps at the 1:100,000
scale published by the INGEMMET, satellite pictures available within Google Earth [2014], SRTM data, and our
own field observations.

3.2. Zircon U-Pb Dating

Zircons extracted from the Atiquipa monzonite were dated by using the U-Pb laser ablation inductively
coupled plasma–mass spectrometry (ICP-MS) method. Zircon grains were mounted into epoxy resin blocks
and polished to obtain flat surfaces. The zircon grains were characterized by cathodoluminescence imaging
on a Hitachi S-2500 scanning electron microscope (ISTerre, University Grenoble-Alpes, France) to reveal their
internal structure. 206Pb-238U and 207Pb-235U dates were obtained by using a 193 nm excimer ablation sys-
tem UP-193FX coupled to an Element XR sector field, single collector ICP-MS (Thermo Scientific) at the
Institute of Mineralogy and Geochemistry, University of Lausanne. Operating conditions were similar to those
described in Ulianov et al. [2012]. Analyses were performed on the 16 grains available by using a 35μm spot
size focused on external zircons growths rims combined with a relatively low on-sample energy density of
~3 J/cm2 and a repetition rate of 5 Hz to minimize fractionation. A GJ-1 standard zircon (CA–ID–TIMS
Pb206/U238 age of 600.5 ± 0.4Ma) [Boekhout et al., 2012] was used for external standardization. The
Plesoviče zircon standard was measured along with sample zircons on a routine basis to control. No common
lead correction was applied due to the presence of 204Hg in the system.

3.3. 40Ar/39Ar Dating

Fresh biotite and muscovite crystals were handpicked from the 500–1000μm size fraction of crushed bed-
rock samples. Crystals were ultrasonically cleaned in high-purity water and ethanol, ground in a mortal and
pestal to remove altered grain edges, and ultrasonically cleaned a second time prior to packaging in Al foil
packets. All samples were encapsulated in quartz vials for irradiation at the McMaster University reactor along
with flux monitor Fish Canyon Tuff sanidine (28.02Ma) [Renne et al., 1998] and synthetic salts to permit cor-
rections for interfering nuclear reactions. Vertical monitoring of the neutron flux resulted in J values known to
better than 0.2 to 0.3%.

Gas was liberated from crystals after incremental heating of the packet in a vacuum furnace. Plateau dates
were calculated by using three or more consecutive steps with overlapping uncertainty comprising at least
50% of the total 39ArK released. The evolved gas was purified with a series of metal alloy getters and analyzed
on the Massachusetts Institute of Technology MAP 215-50 mass spectrometer with an electron multiplier.
Total system blanks were measured at the beginning of each analytical session and between sets of two to
six incremental heating analyses depending on blank reproducibility. Mass fractionation was monitored by
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routine analysis of laboratory air over the duration of the analysis. Isotopic measurements were reduced by
using the ArArCALC routines of Koppers [2002] and corrected for system blanks, mass fractionation, and
neutron-induced interferences. Apparent 40Ar/39Ar ages were calculated by using decay constants recom-
mended by Steiger and Jäger [1977], assuming an initial 40Ar/36Ar ratio of 295.5. Age uncertainties include
errors associated with blank and sample isotopic measurements, fractionation, interfering reactions, and J.
For samples with weighted mean dates characterized by a MSWD (mean square weighted deviate)> 1, scat-
ter is assumed to be greater than the contribution from analytical errors, and errors were multiplied by the
square root of the MSWD [York, 1969].

3.4. Zircon (U-TH)/He Dating

Zircon grains were hand-picked from the 100 to 200μm size fraction to select idiomorphic and inclusion-free
specimens. (U-Th)/He analyses were performed at the University of Arizona, following the method described
by Reiners et al. [2004]. All aliquots consist of a single grain for which abundance of He was measured by laser
mass spectrometry. The concentrations of U and Th were measured by isotope dilution. An α-ejection correc-
tion (Ft) was applied to each crystal to derive a corrected (U-Th)/He age [Reiners, 2005].

3.5. Apatite and Zircon Fission Track Dating

Apatites and zircons were mounted in epoxy resin and Teflon® sheets, respectively, and polished to expose
an internal surface for each grain. Apatites were then etched with a 5.5mol HNO3 for 20 s at 21°C. Zircons
were etched in a NaOH-KOH melt between 19 and 56 h at 228°C. We used the external detector method
for fission-track analysis. Apatite and zircon grain mounts were thus covered with uranium-poor muscovite
sheets as external detectors and irradiated at the FRM II reactor at Garching, Germany. Apatite samples
were irradiated with a nominal fluence of 4.5 × 1015 n/cm2 together with Fish Canyon Tuff and Durango apa-
tite age standards and with IRMM540R (15 ppm) dosimeter glasses. Zircon samples were irradiated with a
nominal fluence of 0.5 × 1015 n/cm2 together with Fish Canyon Tuff and Buluk Tuff age standards and CN1
(39.8 ppm) dosimeter glasses. After irradiation, the muscovite detectors of all mounts were etched for
18min in 48% HF at 21°C to reveal induced tracks. Spontaneous and induced fission tracks were counted
at the ISTerre fission-track laboratory, Grenoble University, France, at 1250× magnification by using a dry
objective and an Olympus BX51 microscope and the FTStage 4.04 system [Dumitru, 1993]. Only crystals with
polished surfaces parallel to the crystallographic c axis were considered. The individual grain ages as well as
the pooled and mean ages were calculated as recommended by Galbraith [2005]. To compute central ages,
we used the RadialPlotter software [Vermeesch, 2009, 2012].

4. New Structural Map of the Southern Peruvian Fore-Arc

Our new structuralmap of the Peruvian fore-arc basement and basin (Figure 2) highlights the geological struc-
ture of the study area and more specifically the relationships between basement units and the Moquegua
basin. We combined units that had previously been mapped separately: apart from the basement and the
Carboniferous fore-arc deposits, we choose to differentiate three periods of time: ~200–150Ma, 110–30Ma,
and 30–0Ma. These periods correspond to different directions of arc migration [Mamani et al., 2010]: toward
the NE between 110 and 45Ma and toward the SW from 200 to 110Ma and since 45Ma. For each of these
periods, we distinguish rocks formed in arc (plutonic or volcanic), fore-arc, and back-arc contexts (Figure 2).

Our map illustrates that the Moquegua basin is a half-graben controlled at its northwestern boundary by the
~230 km long, mainly trench-parallel Lluclla normal Fault System (LFS) (Figures 1 and 2) [Sébrier et al., 1985;
Roperch et al., 2006; Schildgen et al., 2009; Demouy et al., 2012]. From west to east, the longitudinal increase
of the basin width suggests a scissor-like opening. Moquegua basin deposits onlap the basement, bevelling
toward the SW, and thus represent a depocenter of the LFS. The Coastal Belt forms the basin’s southwestern
boundary. It consists of a trench-parallel trending (<20 km wide) strip of basement that crops out as an
~1000m high coastal cliff (Figure 2).

Numerous normal faults affected the Moquegua basin deposits (MoqA, B, C and D Formations) during its
formation (Figure 3). The MoqA/B red sandstone deposits were highly deformed by NNE-SSW trending
normal faults, mainly after their deposition (Figure 3a). This mainly WNW-ESE extensional episode was
active during deposition of the MoqC tuffaceous sandstones (from 30 to 10Ma) as evidenced by the
numerous synsedimentary structures that affect this formation (Figure 3b). Albeit less pervasive, extension
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continued during the late Miocene and Pliocene, as shown by a few E-W trending normal faults affecting
the Camaná B marine deposits (Figure 3c), which are the coastal equivalents of the MoqD continental
deposits [Roperch et al., 2006].

Several faults strike perpendicular to the trench. Near Atiquipa, we mapped the Atiquipa normal fault that
was previously undescribed (Figure 2). It outcrops at “Playa La Caleta” along the Panamerican highway and
consists of an ~50m thick fault breccia that affects the Atiquipa diorite on its southeastern border. We dated
the crystallization of this diorite by zircon U-Pb method at 162.2 ± 1.1Ma (Table S1 in the supporting informa-
tion). The Atiquipa fault strikes N030° with subvertical to 60° dip toward the SE (stereogram; Figure 2). No
kinematic indicators have been observed, but in the hanging wall of this fault zone, a conglomerate striking
N170° and dipping 40°E suggests a drag fold. This conglomerate is itself affected by several normal faults
striking broadly N60° and dipping 60°SE. Farther southeast, the Río Tambo fault zone [Roperch et al., 2006]

Figure 3. Field photographs showing the deformation pattern observed in the sedimentary archives of the Moquegua basin; the pictures are marked on Figure 1. (a)
Graben affecting Moq A/B (red sandstones) and C (tuffaceous sandstones) deposits bounded by two oppositely dipping ENE-WSW trending normal faults with a
meter-scale vertical offset; sediments are highly fractured. (b) Synkinematic growth strata in the Moq C tuffaceous sandstones affected by E-W trending and
southward dipping normal faults with a several meters vertical offset. (c) Pliocene sandstones and conglomerates affected by E-W trending and southward dipping
normal faults with a metric vertical offset.

Table 1. 40Ar/39Ar Analyses Resultsa

Sample Name Latitude (°S) Longitude (°W) Altitude (m) Mineral Dated Age (Ma) 2σ Error (Ma)

04TS15 16.058445 73.168030 319 biotite 816.74 4.27
04TS17 16.225813 73.149583 275 biotite 483.1 5.45
04TS20 16.227267 73.144233 680 biotite 470.33 2.71
04TS21 16.301944 73.135556 100 biotite 468.1 2.62
04TS20 16.227267 73.144233 680 muscovite 467.67 2.60

aAll samples are from Precambrian gneiss and were analyzed according to the protocol described in text.
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separates the ultrahigh-temperature
migmatites of the Arequipa Massif to
the northwest from the Ilo Batholith
intruded in Jurassic strata to the south-
east (Figure 2 and section 2.3).

Hereafter, the Atico-Mollendo block
refers to the crustal block bounded to
the northwest by the Atiquipa fault
zone and to the southeast by the Río
Tambo fault zone (Figure 2). Within this
block, the basement exhibits a whole
crustal section from sediments in the
NW to ultrahigh-temperature migma-
tites in the SE [Chew et al., 2007;
Martignole and Martelat, 2003].

5. New Age Constraints Along
the Coastal Southern
Peruvian Forearc
5.1. Basement
5.1.1. Neoproterozoic Cooling and
Ordovician Thermal Event
Four 40Ar/39Ar step-heating analyses
have been performed on biotite and
one on muscovite (Table 1) from the
Ocoña canyon between the coast
and the Iquipi fault ~50 km upstream
(Figure 1). All samples exhibit well-
defined plateau ages (Figure 4), ranging
from 816.7 ± 4.3Ma upstream to 468.1
± 2.6Ma downstream (~15 km from the
outlet). An important shift in cooling
ages is observed between 35 and
25 km from the river outlet, where bio-
tite 40Ar/39Ar ages change from 816.7
± 4.3Ma (04TS15) to 468.1 ± 2.6Ma
(04TS21). Additionally, we sampled two
gneisses in the canyon separated by
~500m of elevation ~25 km from the
outlet. Biotite 40Ar/39Ar analyses yielded
an age of 483.1 ± 5.5Ma for the lower
sample (04TS17) and 470.3 ± 2.7Ma for
the upper sample (04TS20). Moreover,
we obtained a muscovite 40Ar/39Ar age
of 467.7 ± 2.6Ma for the upper sample
(Table 1).
5.1.2. Jurassic Fast Cooling
Zircon (U-Th)/He analysis of sample
1M04 (Figure 1 andTable 2), amigmatite

at 1200m elevation, yielded a mean age of 158.6 ± 6.6Ma. This age is within the 2σ uncertainty of the zircon
fission-track age (149 ± 39Ma; Table 3) obtained on the same sample. This sample did not yield enough apatite
grains to perform apatite fission-track analyses but suggests Jurassic fast cooling from ~220°C to ~180°C
(Figure 5). This fast cooling is consistent with the fact that five samples (1M04 to 1M08) along a profile located

Figure 4. 40Ar/39Ar age spectra for samples from the Ocoña Canyon.
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~10 kmNWofMollendo across the coastal escarpment (Figure 1) and sampled at ~250melevation increments
from the coastline to 1200m elevation yielded equivalent zircon fission-track ages within 2σ uncertainty
(Table 3 and Figure 5).
5.1.3. Cooling Age Pattern Parallel to the Coast
In this section, we will illustrate the coast-parallel variations in thermochronological ages by projecting ages
obtained in this study and previously published data [Wipf et al., 2008] onto a line parallel to the coast
(Figure 5). The seven zircon fission-track ages obtained along the coast range between 244± 62Ma and 61
± 13Ma. Apatite fission-track ages range from 93± 28Ma (1M51) to 63 ± 10Ma (1M50) (Table 4 and
Figure 5). Every sample analyzed with the fission-track method passed the chi-square test [Green, 1981]
except zircons of sample 1M50 (Table 3). This means that obtained central ages are calculated from a single
population. However, due to the low uranium content in the apatites, it was not possible to measure a
significant number of confined horizontal track lengths in these samples, nor in the samples from the
Mollendo transect crosscutting the Coastal Belt in the south (Figure 1). Therefore, we decided not to model
time-temperature histories.

Thermochronologic ages available for the study area are compiled in Table S2. In particular, of the six pre-
viously published apatite (U-Th)/He ages available, four are between 59 and 72Ma and two are younger at
24.6 ± 12Ma and 29± 7Ma. Apatite fission-track ages cluster around ~60 to 70 and ~90 to 100Ma, without
any obvious relationship between central fission–track ages and mean track-length [Wipf, 2006]. Zircon
(U-Th)/He ages are ~150 to ~180Ma, whereas zircon fission-track ages are widely dispersed between 61
± 13 and 531± 99Ma. These data thus document very slow long-term exhumation rates in this area [Wipf,
2006; Schildgen et al., 2007; Wipf et al., 2008; Schildgen et al., 2009]. In the domain intruded by the Ilo
Batholith, SE of the Río Tambo fault zone, apatite fission-track ages cluster between ~85 and 95Ma. They
are slightly younger than the two available zircon fission-track ages that are equivalent to zircon crystalliza-
tion ages (110–106Ma; Figure 5) [Boekhout et al., 2012].

In the northwesternmost domain (between San Juan de Marcona and Atiquipa), all apatite fission-track ages
overlap within uncertainty at ~60–65Ma (Figure 5). At the NW end of the Atico-Mollendo block, older apatite
fission-track ages cluster at ~90Ma, but there is no known ~90Ma intrusive in the area. From there, apatite
fission-track ages progressively decrease along the Atico-Mollendo block toward the SE to around 60Ma in
the Mollendo area (Figure 5).

The plot of apatite fission-track ages projected along the coastline (Figure 5) shows two lateral age shifts
between 60 and 90Ma. The first is located at the vicinity of the Atiquipa fault. The second age shift, albeit less
well defined than the first one, occurs NW of the Río Tambo valley and corresponds to the Río Tambo fault
system (Figure 5). Both of these fault zones strike perpendicular to the trench.

Table 3. Zircon Fission-Track Analysis Resultsa

Sample Lithology Lat. (°S) Long. (°W) Elev. (m) Central Age (Ma) 2σ Error (Ma) N Nd ρd (10^5) rse (ρd) U (ppm) P(χ^2) (%) D (%)

1 M04 Proterozoic migmatite 16.87171 72.02515 1180 149 39 19 7335 1.83 1.21 78.8 93 0
1M05 Proterozoic migmatite 16.91787 72.04906 863 194 41 20 9115 2.14 1.4 92.6 89 0
1M06 Proterozoic migmatite 16.95583 72.05595 565 145 38 20 9115 2.15 1.38 140.9 43 17
1M07 Proterozoic migmatite 16.98230 72.07451 280 148 40 19 7335 1.84 1.2 96.7 64 2
1M08 Proterozoic migmatite 16.99694 72.10288 5 227 65 20 9115 2.15 1.33 78.3 31 19
1M47 Ordovician gneiss 17.46560 71.37315 0 61 13 20 7335 1.88 1.17 289.4 12 9
1M50 Undated granite 17.10783 71.90193 5 128 70 7 9115 2.21 1.06 199.4 0 112
1M66 Ordovician granite 16.93880 71.59349 30 110 28 20 7335 1.92 1.19 81.1 19 22
1M72 Ordovician granite 16.57268 72.62976 600 244 62 16 9115 2.24 1.07 100.2 66 3

aAge determinations were performed with ζ = 128 ± 9 for glass dosimeter CN1 according to protocol defined in text. N, number of grains counted; Nd, number
of tracks counted to determine the reported fluence; ρd, dosimeter track density (fluence) in tracks per square centimeter; rse(ρd), relative standard error on
fluence; U, uranium content (ppm); P(χ^2), probability that the single-grain ages represent one population; D, age dispersion.

Table 2. Analytical Data for (U-Th)/He on Zircon Age Determinations From Sample 1M04

Sample Grain Morphology 4He (nmol/g) U (ppm) Th (ppm) eU (ppm) Rs (um) Corrected Age (Ma) ±2 s (Ma)

1 M04z1 abraded 50.42 40.2 132.4 71.3 66.4 163.2 1.8
1 M04z2 very abraded 53.75 56.6 99.4 79.9 68.9 153.9 1.9

Tectonics 10.1002/2016TC004231

NOURY ET AL. ANDEAN TRENCH-PARALLEL EXTENSION 2060



Figure 5. Synthetic figure showing the map of the coastal area of Southern Peru with our sampling sites and those byWipf
et al. [2008] andWipf [2006, unpublished PhD] (same caption as Figure 1) together with lateral variations along the coast of
(a) zircon fission-track ages and (b) apatite fission-track ages. The grey boxes indicate the position of the lateral shifts in
ages that correspond to the Atiquipa Fault and the Río Tambo Fault Zone, respectively, at the NW and SE boundaries of the
Atico-Mollendo block. AM, CB, and IB stand for Arequipa Massif and Coastal Belt (brown) and Ilo Batholith (purple),
respectively.

Table 4. Apatite Fission-Track Analysis Resultsa

Sample Lithology Lat. (°S) Long. (°W) Elev. (m) Central Age (Ma) 2σ Error (Ma) N Nd ρd (10^5) rse (ρd) U (ppm) P(χ^2) (%) D (%)

1 M06 Proterozoic migmatite 16.95583 72.05595 565 55 10.5 19 8323 6.01 1.13 37.7 25 13
1M08 Proterozoic migmatite 16.99694 72.10288 5 83 20 20 7814 5.91 1.44 8.0 29 21
1M50 Undated granite 17.10783 71.90193 5 63 10 24 7814 6.1 1.13 13.5 37 9
1M51 Jurassic granite 17.03928 71.69701 171 93 28 12 8965 7.1 1.07 9.0 42 5
1M61 Jurassic granitoïd 16.89878 71.84192 1125 65 11 20 8323 6.13 1.13 13.5 32 9
1M66 Ordovician granite 16.9388 71.59349 30 74 11 19 7814 6.16 1.15 37.5 11 12
1M68 Undated granite 16.41116 73.23413 0 74 12 20 7814 6.19 1.18 16.8 71 1
1M72 Ordovician granite 16.57268 72.62976 600 65 14 19 8965 6.82 1.27 12.4 29 13

aAll fission-track age determinations were performed with ζ = 254 ± 12 for glass dosimeter IRMM540 according to protocol defined in text. N, number of grains
counted; Nd, number of tracks counted to determine the reported fluence; ρd, dosimeter track density (fluence) in tracks per cm2; rse(ρd), relative standard error
on fluence U, uranium content (ppm); P(χ^2), probability that the single-grain ages represent one population; D, age dispersion.
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6. Discussion
6.1. Neoproterozoic Exhumation and Ordovician Thermal Event

Neoproterozoic biotite 40Ar/39Ar ages (Table 1) in the Ocoña canyon (Figure 1), in conjunction with the
700Ma or older glaciogenic Chiquerio Formation that was deposited over the gneisses in San Juan
(Figure 2) [Chew et al., 2007; Chew and Kirkland, 2011], demonstrate that the basement has always been at
a temperature <350°C since the Neoproterozoic (~800Ma).

Our 40Ar/39Ar ages decrease toward the Ocoña canyon outlet (Figure 1 and Table 1), where Cobbing et al.
[1977] reported a 539± 90Ma whole rock Rb-Sr age on a foliated granite. In the same area, a zircon from
another foliated granite yielded a concordant U-Pb age of 464 ± 4Ma [Loewy et al., 2004]. This age was inter-
preted as a crystallization age, yet the granite is foliated, and the age may alternatively reflect a metamorphic
event, especially considering that the two other analyzed zircons show Pb-loss [Loewy et al., 2004]. Moreover,
near the city of Atico, Santos et al. [2014] obtained Neoproterozoic and Ordovician zircon U-Pb ages on a
gneiss and a granite, respectively. It should also be noted that the Chiquerio Formation experienced greens-
chist facies metamorphism during the Early Paleozoic [Shackleton et al., 1979; Chew et al., 2007; Chew and
Kirkland, 2011]. The Ordovician (~470Ma) biotite and muscovite 40Ar/39Ar ages thus reflect either the empla-
cement of Ordovician granitoids described and dated along the Coastal Belt, for example near Mollendo
[Loewy et al., 2004] or north of Atico [Santos et al., 2014], and/or a greenschist facies metamorphism that could
also be related locally to emplacement of these plutons. In any case, the thermal effect of this Ordovician
event in the country rocks is spatially limited to the vicinity of plutons and did not influence the whole
Proterozoic gneissic basement, which at least in part remained shallower than the 350°C isotherm since
the Neoproterozoic (as indicated by the two>750Ma biotite 40Ar/39Ar ages in the Ocoña canyon). This inter-
pretation is consistent with the study of Insel et al. [2012], which showed that in northwestern Argentina,
basement rocks from the western Puna Plateau (Sierra de Macon) resided at temperatures below 200°C since
~400Ma and confirm that some parts of the Central Andean basement remained near surface thermal con-
ditions for more than 400Ma.

6.2. Jurassic Magmatic Pulse

The present-day coastal belt of southern Peru was the site of intense magmatic activity from the Middle
Jurassic to the Lower Cretaceous related to the intrusion of the composite Ilo Batholith (Figure 1) in two
phases, from 173 to 153Ma and 110 to 106Ma [Boekhout et al., 2012]. Only two plutonic bodies intruding
the Arequipa Massif that are related to this volcanic arc are known: the 162.2 ± 1.1Ma Atiquipa diorite and
a 156.3 ± 1.3Ma diorite located ~65 km NNW of Atico [Santos et al., 2014]. Different thermochronometric dat-
ing techniques including 40Ar/39Ar on biotite, K/Ar on K-feldspar [Stewart et al., 1974], K-Ar on whole rock
[Roperch and Carlier, 1992], and zircon (U-Th)/He [Schildgen et al., 2007] applied on the Atico-Mollendo block
yielded similar Jurassic ages between 177 and 157Ma, suggesting that various plutonic bodies intruded the
Neoproterozoic basement of the Arequipa Massif contemporaneously with the emplacement of the Ilo
Batholith. However, more support from geochemistry and other U-Pb data are needed to establish a parallel
between the Arequipa Massif intrusive units and the Ilo Batholith.

We note that in the Ilo region, northwest of the Río Tambo fault zone, the Ilo Batholith intruded the basement.
In contrast, southeast of this fault zone, contemporaneous plutons intruded into Jurassic strata. Moreover,
southeast of the fault, no basement rock crops out. Based on these observations and assuming that these
arc-related plutons emplaced at the same structural level, we infer that the Río Tambo fault zone had already
been active before or during the Jurassic, exhuming the basement of the Atico-Mollendo block. These
Jurassic plutons likely affected the cooling history of the fore-arc, at least locally, which may be reflected in
thermochronological data.

6.3. Cooling Pattern and Partial to Total Reset of Fission-Track Ages

Our compilation of all thermochronological data available for coastal southern Peru does not show a simple
age-elevation relationship (Figure S1 in the supporting information). This result is not surprising, as the ana-
lyzed samples cover a broad, faulted region. We focused on apatite and zircon fission-track ages because the
available zircon and apatite (U-Th)/He ages from the literature are too scattered and because the latter can be
strongly affected by recent changes in topographic relief [e.g., Braun, 2002].
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Our results, combined with previously published data [Wipf, 2006;Wipf et al., 2008], show that zircon fission-
track ages greatly vary laterally along the coast of southern Peru. In particular, zircon fission-track ages range
fromOrdovician to Lower Cretaceous ages (Figure 5). Younger zircon fission-track ages (175–105Ma) occur in
two zones centered on the Ilo Batholith and Atico, respectively. This pattern suggests local partial resetting of
the zircon fission-track thermochronometer either due to local burial or thermal overprinting from a close
intrusion (and implies total resetting of lower temperature systems). The 175–105Ma period corresponds
to an important accumulation of volcaniclastic deposits [Boekhout et al., 2012; Roperch and Carlier, 1992] in
the back-arc basin that was undergoing subsidence at a rate of 3.5 km/Myr [Boekhout et al., 2012].
However, such deposits should have extended over a wide area and would have reset ages over a broader
area than observed.

The Middle Jurassic-Early Cretaceous period is also contemporaneous with the emplacement of the Ilo
Batholith in two pulses from 173 to 153Ma and from 110 to 106Ma [Boekhout et al., 2012]. The 107
± 15Ma zircon fission-track age and the modeled time-temperature (t-T) paths reported by Wipf [2006]
indicate that the Albian plutons likely emplaced in the upper crust, cooled rapidly, and stayed at tem-
peratures between 60 and 80°C at least from 80Ma to 30Ma. We interpret the 133± 15Ma zircon fission-
track age reported by Wipf [2006] as partially annealed by a pluton emplaced during the 110–106Ma
magmatic pulse.

It is more difficult to explain the 61 ± 13Ma zircon fission-track age obtained for a mylonitic granite, which
yielded a zircon U-Pb age of 446 ± 6Ma [Casquet et al., 2010] north of Ilo (sample 1M47), but it could be
related to the relatively high U concentration in the zircons of this sample, leading to lower retentivity and
annealing at lower temperatures [Garver et al., 2005]. Furthermore, secondary magnetization of Jurassic vol-
canic deposits of the Chocolate Formation has been attributed to a Late Cretaceous tectono-magmatic event
[Roperch and Carlier, 1992], which may have affected the mylonitic granite and explain the observed zircon
fission-track age. However, there is no evidence of Upper Cretaceous to Paleocene intrusions in the Ilo
Batholith (Figure 2) [Boekhout et al., 2012], and we thus regard this sample as an outlier.

In the Arequipa Massif, zircons of Neoproterozoic age likely accumulated radiation damage from at least the
Ordovician to the Triassic. Such damage would imply that temperatures as low as 180–220°C were needed to
partially anneal the fission tracks [Garver et al., 2005; Reiners and Brandon, 2006]. Younger zircon fission-track
ages centered on Atico thus likely correspond to partial resetting in the vicinity of plutons emplaced in the
Arequipa Massif during the Jurassic and Lower Cretaceous. However, the emplacement of these Jurassic
plutons caused only local heating that was restricted to under 220°C; otherwise, fission tracks would
have been totally annealed, and we would have obtained equivalent ages all along the coastal profile.
Moreover, higher-temperature systems such as 40Ar/39Ar in biotite and muscovite with partial retention
zones of about 300–350°C [Robbins, 1972; Hames and Bowring, 1994; Reiners and Brandon, 2006] were not
affected by these localized Jurassic to Early Cretaceous thermal events, as illustrated by the Proterozoic to
Ordovician biotite 40Ar/39Ar plateau ages (Figure 4).

6.4. No 90–60Ma Thermal Reset Due to the Emplacement of the Coastal Batholith

Apatite fission-track ages range between 55 and 90Ma in the Coastal Belt. This time range corresponds to the
period of emplacement of the Coastal batholith (Figure 1) during the Upper Cretaceous-Lower Paleocene. At
that time, the volcanic arc was thus located in the present-day location of the Coastal Batholith, that is to say
at least ~30 km east of the coastal strip that we consider here. During this period, the geothermal gradient in
the Coastal Belt was likely low (<20°C/km) because isotherms are depressed above the cold subducting ocea-
nic slab. Present-day heat flux values measured in the fore-arc of southern Peru are ~100mWm�2 at Cuajone
(13 km from the arc), 65mWm�2 at Toquepala (25 km from the volcanic arc), and only ~44mWm�2 at
Marcahui and Cerro Verde, ~30 km away from active volcanoes [Uyeda and Watanabe, 1982; Henry and
Pollack, 1988]. This heat flux value is associated with a steady state geotherm of 12 to 15°C/km [Ehlers,
2005], which is consistent with very low geothermal gradients (~10°C/km and always <20°C/km) obtained
by numerical modeling [Dumitru, 1991].

To better understand the effects of an intrusion on the thermal history of the area, we ran a 1-D model that
predicts thermal response around an intrusion in function of its width due to heat conduction [Ehlers, 2005].
We ran this model with different parameters. If the intrusion is only 1 km wide, there is no sensible thermal
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effect further than 10 km. In the case of a 5 km wide intrusion, country rocks, ~30 km away from an intrusion
and at an initial temperature of 100°C, are predicted to experience a maximum of 20°C heating due to the
intrusion; also for this intrusion, maximum heating is attained with a delay >10Myr and 20Ma after the
intrusion; country rocks, 30 km from the source, are still ~20°C hotter than before the intrusion. Hence, if
the 90–60Ma volcanic arc had an influence on apatite fission-track dates, it would be unlikely to observe
90 to 60Ma apparent cooling ages. We also note that no important dykes or dyke swarms that would indicate
the presence of important magmatic bodies at depth intrude the Atico-Mollendo block.

Furthermore, we find old apatite fission-track ages (e.g., ~90Ma in Atico region; Figure 5) closest to where the
magmatic arc is believed to have been located at that time, in the area that should have cooled the latest and
should exhibit the youngest cooling ages if the thermochronometers were influenced by themagmatism. We
are thus confident that since ~105Ma, volcanic arc activity has not affected the apatite fission-track ages from
the Coastal Belt, except in the Ilo Batholith, where apatite fission-track ages are slightly younger than crystal-
lization ages and thus likely correspond to postemplacement cooling. The geothermal gradient in the Coastal
Belt was thus probably only slightly higher than today (~15°C/km) during the Late Cretaceous-Paleocene
period. Based on our previous arguments, we propose that the rocks of the Coastal Belt slowly cooled
through the apatite fission-track partial annealing zone between 90 and 60Ma.

Figure 6. Evolutionary sketch showing the thermal and tectonic evolution of the Southern Peruvian fore-arc in four time
steps. (a) 110Ma: plutons intrude the Neoproterozoic basement, triggering local uplift of isotherms. (b) 90Ma: isotherms
are relaxed. (c) 60Ma: the 90Ma apatite fission-track central age isochrone is close to the surface and the 100°C isotherm
passes through the Atiquipa diorite and the Ilo Batholith. (d) Post-35Ma: the 90Ma and 60Ma apatite fission-track age
isochrons are passively tilted.
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6.5. Postcooling Tilting of the Atico-Mollendo Block

Along the coast, apatite fission-track ages show two shifts from younger (60Ma) to older (~90Ma) ages that
are localized across the Atiquipa and Río Tambo fault zones. Between these shifts, in the Atico-Mollendo
block, the age pattern decreases toward the southeast (Figure 5). Moreover, Neoproterozoic basement
evolves toward the southeast (i) from metasediments to gneisses in the hanging wall of the Atiquipa fault,
(ii) from gneisses to ultrahigh-temperature (>900°C) granulites in the Atico-Mollendo block, and (iii) no
Proterozoic basement crops out southeast of the Río Tambo fault zone (Figure 7). We also note that the
Jurassic volcanic succession (and its underlying Pennsylvanian basin) are the thickest and best preserved
in the hanging walls of the Atiquipa and Río Tambo fault zones (Figures 2 and 6).

All these observations suggest that the Atiquipa and Río Tambo fault zones divide the basement in large,
crustal-scale tilted blocks (Figure 6). Moreover, because basement rocks of the Coastal Belt likely cooled
slowly under 100°C between 90 and 60Ma, we propose that the Atiquipa and Río Tambo fault zones, striking
perpendicular to the coastline, were active after ~60Ma as SW dipping normal faults that tilted the Atico-
Mollendo block toward the NW (Figure 6).

The Cenozoic sedimentary archives of fore-arc deposits in the Moquegua basin provide further evidence for
extension parallel to the margin (Figure 3) associated with tilting of the Atico-Mollendo block. Between 50
and ~30Ma, the more proximal sedimentary facies of the Moquegua A/B deposits are located in the north-
west portion of the Moquegua basin, whereas deposits toward the southeast are increasingly distal
[Sempere et al., 2004] (Figure 7a). In contrast, the Moquegua C deposits are more distal in the Caravelí region
(NW portion of the basin) and more proximal toward the SE (Figure 7b). Indeed, the Caravelí limestones
record a marine incursion dated at 25Ma [Noble et al., 1985], whereas Moquegua C tuffaceous volcanic strata
are intercalated with fluvial conglomerates in the Siguas valley. We also note that these volcaniclastic

Figure 7. 3-D sketches showing the polarity of the Moquegua basin (same colors as in Figure 2). AF: Atiquipa Fault, RTFZ:
Rio Tambo Fault Zone. (a) 50–35Ma: the main faults are the Lluclla normal fault system (striking NW-SE) and Iquipi faults
(SW-NE) bounding the basin onshore; sediments are prograding southeastward. At that time, the isochrons are horizontal.
(b) Block tilting occurs between the AF and RTFZ. As a result, the whole Atico-Mollendo block is tilted toward the NW and
the polarity of the basin switches toward the NW, as documented by the tilt of the apatite fission-track isochrons.
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deposits do not appear in the Vítor valley stratigraphic succession, ~30 km SE of Siguas valley (Figure 2), sug-
gesting that they were eroded in the southeastern area of the Moquegua basin. This architecture of the basin
suggests that a paleotopographic change occurred during the early Oligocene: topographic highs sourcing
the Moquegua A/B deposits that were located in the NW (Quicacha area; Figure 7) shifted to the SE (Vítor
valley) during deposition of Moquegua C (Figure 7). This scenario is consistent with the sedimentological
study of the fan-delta by Alván and von Eynatten [2014]: they proposed that these deposits (contempora-
neous with the Moquegua C sediments and located ~30 km NW of the Rio Siguas outlet) record a period
of coastal uplift during the Late Oligocene-Early Miocene period.

We interpret these paleotopographic changes as due to block tilting of the whole Atico-Mollendo block
(Figures 6 and 7) rather than stepwise upward movement of smaller-scaled blocks separated by faults with
dip and strike that would be similar to the Atiquipa and Río Tambo fault zones because of the progressive
variation of apatite fission-track ages between these two fault zones. The sedimentary facies of the Eocene
to early Miocene Moquegua basin permit us to infer that the tilting began before 25Ma (based on Caravelí
limestone deposits) and may have continued until at least through the early Miocene (based on coastal uplift
in Camaná region [Alván and von Eynatten, 2014]). We also note that in the ~35 km NW of both the Atiquipa
and Río Tambo fault zones (i.e., in both areas that exhumed the most), there are no preserved outcrops of
Moquegua A/B and C deposits (Figure 2). This lack of preservation could be due to higher relief close to
the fault zones that contributes to faster erosion compared to the rest of the tilted block.

Because all apatite fission-track ages are younger than the end of magmatism, cooling rates are equivalent to
exhumation rates. For all data presented in this study, we calculated a mean cooling rate of 1.4°C/Ma, corre-
sponding to a slow long-term exhumation rate of ~0.1 km/Myr (for a 15°C/km geothermal gradient).
Assuming that this exhumation rate was constant, we thus estimate that the 30Ma difference between the
older and younger apatite fission-track ages across the Atiquipa and Río Tambo fault zones corresponds to
differential exhumation of ~3 km. Moreover, considering that the distance between the two fault zones
(dipping 60° toward the SE) is ~175 km, then the slip on each fault is ~1.75 km (details in Text S1 in the
supporting information).

6.6. Trench-Parallel Extension and Formation of the Bolivian Orocline

Our study confirms that the Peruvian fore arc underwent trench-parallel extension from the late Eocene to
the early Miocene contemporaneously to the bending of the Andean orogen. Once the orocline was formed,
from Late Miocene to present, trench-perpendicular thrusts accommodating trench-parallel shortening are
observed farther south (at the latitude of northern Chile). Such structures are not observed along the
Peruvian fore arc and may have developed in order to accommodate strong plate coupling along the con-
cave seaward plate boundary [Allmendinger et al., 2005].

Our interpretation is consistent with different paleomagnetic studies that documented clockwise and coun-
terclockwise block rotations (around vertical axis) in northern Chile and southern Peru respectively during
formation of the Bolivian Orocline [Roperch and Carlier, 1992; Somoza et al., 1999; Roperch et al., 2006;
Arriagada et al., 2008; Taylor et al., 2005; 2007]. In particular, in their 2-D reconstruction of paleogeography,
Arriagada et al. [2008] calculated that the oroclinal bending was accompanied by ~200 to 260 km of stretch-
ing parallel to the margin between ~10 and ~30°S during the ~45 – ~25Ma period. The trench-perpendicular
Atiquipa and Río Tambo fault zones delimiting tilted blocks that we described above thus helped accommo-
date coast-parallel extension in southern Peru. However, less than 5 km of extension is accommodated on
these faults. The Atico-Mollendo block thus acted as a rigid block, and oroclinal bending must have been
accommodated elsewhere, likely partly by the Lluclla normal fault system and in the back arc (Eastern
Cordillera), as proposed by Roperch et al. [2006]. For example, Eichelberger et al. [2013] estimated that the
Río Novillero Fault in Bolivia has accommodated 85 km of dextral N-S translation.

7. Conclusions

Our new geo-thermochronologic data set along the coastal southern Peru illustrates the geological evolution
of the Andean fore-arc region. Together with regional geological observations, we have refined the exhuma-
tion and deformation history of the present-day fore-arc:
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1. The Arequipa Massif exhumed during the Neoproterozoic, and no thermal event >350°C occurred in this
area since then, except in the vicinity of plutonic intrusions during the Ordovician.

2. During the Middle Jurassic-Lower Cretaceous period, plutonic bodies intruded the Arequipa Massif con-
temporaneously with the emplacement of the Ilo Batholith. This lead to a moderate heating (<220°C)
in restricted areas close to the plutons.

3. Since the Albian, magmatic activity has not affected cooling of rocks located in the Coastal Belt. In parti-
cular, we show that emplacement of the Coastal Batholith during the Upper Cretaceous-Paleocene period
cannot be responsible for apatite fission-track ages observed in the Coastal Belt.

4. After slow cooling through the apatite fission-track partial annealing zone (100–110°C) during the Lower
Cretaceous-Paleocene, the Atico-Mollendo block tilted toward the NW between two SE dipping normal
faults striking perpendicular to the trench. Because paleogeographic highs sourcing the Moquegua basin
sediments (located above this tilted block) migrated from the northwest during the Eocene to the south-
east in the Oligocene, we propose that these normal faults accommodated the formation of the Bolivian
Orocline during the Eo-Oligocene. However, the limited amount of total extension observed on these
faults (<5 km) cannot account for the large amount of trench-parallel extension that is inferred from
paleomagnetism studies and believed to have accommodated the oroclinal bending. Our study thus con-
firms that most of this extension has been accommodated somewhere besides the Peruvian fore-arc.
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