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ABSTRACT

The southern Peruvian margin has been located above a major ocean-continent
subduction zone since at least the Early Paleozoic, resulting in the formation of one of the
largest orogens in the world: the Central Andes, where crustal thickness is >60 km over a large
area. This overthickening is currently thought to have occurred incrementally only during the
last 30 Ma. To understand how and when crustal overthickening was acquired, most of the
previous studies have focused on the magmatic arc evolution and on deformation, uplift and
erosion history of the backarc. The tectono-thermal Cenozoic evolution of the forearc remains

poorly known, whereas it is a zone prone to recording changes in subduction dynamics.

The objective of this dissertation is to address the thermal evolution and the coupling
between magmatic, tectonic and sedimentary processes over the past 200 Ma in the present-
day forearc of southern Peru where the crust thickens from ~30 km along the coastline to
more than 60 km under the present-day volcanic arc. New geo- and thermochronological data
coupled to a novel geological map illuminate the evolution of the south Peruvian margin since
the Jurassic. Three key periods of the margin evolution are addressed in this dissertation: the
onset of crustal thickening, the deformations associated in the forearc with the formation of

the Bolivian Orocline and the Neogene crustal thickening of the Central Andean orogen.

We show that crustal thickening likely began between 90 and ~50 Ma after more than
200 My of lithospheric thinning during a three step evolution of the magmatic arc as follows:
growth (90-74 Ma), flare-up (74-62 Ma), extensional collapse (62-50 Ma). Extension prevailed
in the forearc since then and waned until ~30 Ma. In addition, we evidence important normal
fault zones striking perpendicular to the southern Peruvian margin that delineate large
northwestward tilted blocks. This deformation reveals orogen parallel extension in the forearc
during the Paleogene likely due to the formation of the Bolivian Orocline by counterclockwise
rotation of rigid blocks. Finally, geomorphic features in the coastal area of southern Peru
reveal two periods of surface uplift (~23 to 10 Ma and since ~4.5 Ma), separated by a period of
surface subsidence (from ~10 to ~4.5 Ma). The same chronology has been described on the
Amazonian side of the Central Andean orogen. We thus propose that this evolution is due to
large-scale crustal thickness variations; surface uplift being triggered by addition of mantle-
derived magmas to the crust and subsidence by ductile flow away from the previously

overthickened crust.
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RESUME

La marge sud péruvienne est située au niveau d’'une zone majeure de subduction ocean-
continent depuis au moins le Paleozoique inférieur. C’est dans ce cadre que s’est formé 'un
des plus importants orogénes du monde : les Andes Centrales. En effet, I'épaisseur crustale y
est >60 km et ce sur une importante surface. Cependant, on considere actuellement que ce
surépaississement a été acquis incrémentalement seulement depuis ~30 Ma. Dans le but de
comprendre comment et quand ce surrépaississement est apparu, la majeure partie des études
précédentes s'est focalisée sur I'évolution de l'arc magmatique et sur lhistoire de la
déformation, du soulévement et de ’érosion de la zone d’arriére arc. Cependant, I'évolution
tectonique et thermique de 'avant arc reste mal connue bien que cette zone soit susceptible de

bien enregistrer les changements liés a la dynamique de subduction.

Cette these a pour objectif de mieux contraindre I'évolution thermique et les couplages
entre les processus magmatiques, tectoniques et sédimentaires depuis 200 Ma dans 'avant-arc
actuel du sud du Pérou. De nouvelles données géo-thermochronologiques couplées a une
nouvelle carte tecto-stratigraphique éclaircissent I’évolution de la marge péruvienne depuis le
Jurassique. Trois périodes clefs sont analysées dans ce mémoire : le début de I'épaississement
crustal, les déformations de I'avant-arc associées a la formation de 'Orocline bolivien et

I'épaississement crustal de 'orogene des Andes Centrales pendant le Néogene.

Nous montrons que I'épaississement crustal a probablement commencé entre 90 et 50
Ma apres plus de 200 Ma d’amincissement, et ce a la faveur d’une évolution en trois étapes :
croissance initiale (90-74 Ma), « flare-up » (74-62 Ma) et effondrement extensionnel (62-50
Ma). L’extension a ensuite prédominé dans I'avant-arc tout en diminuant progressivement
jusqu’a ~30 Ma. Par ailleurs, nous mettons en évidence d’importantes zones de failles
normales orientées perpendiculairement a la marge sud-péruvienne et qui délimitent de
grands blocs basculés vers le nord-ouest. Ces déformations révelent une extension paralléle a
l'orogéne dans l'avant arc pendant le Paléogéne, probablement due a la formation de
I'Orocline bolivien par rotation antihoraire de blocs rigides. Enfin, les traits géomorphiques
visibles dans la zone cotiere du sud du Pérou permettent de définir deux périodes de
soulévement de la surface (entre 23 et 10 Ma et depuis ~4.5 Ma), séparées par une période de
subsidence (entre ~10 et ~4.5 Ma). La méme chronologie ayant été décrite sur le versant
Amazonien de I'orogene, nous proposons que cette évolution soit due a des variations a

13



grande échelle de I'épaisseur crustale; le soulévement de la surface étant provoqué par
addition a la crotite de magma d’origine mantellique et la subsidence par un flux de matériel

crustal ductile depuis les zones précédemment sur-épaissies.
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INTRODUCTION

Geologic processes affect where and how we live. They cause the rise of mountain
ranges, growth of volcanoes or land subsidence, and thus permit to sculpt landscapes, shape
coastlines and influence the climate. Their study is thus of crucial importance in assessing
natural risks as landslides, earthquakes, volcanic hazards and climate change. Obviously, their

understanding is also essential for evaluating water, hydrocarbon and mineral resources.

All geologic processes are related directly or indirectly to plate tectonics and most of
them take place at plate boundaries. It is considered that the main driving force of plate
tectonics is subduction (Conrad and Lithgow-Bertelloni, 2002) (the process by which a plate
converges and sinks into the mantle under another plate (Amstutz, 1951; White et al., 1970;
Stern, 2002)). Moreover, subduction zones are the site of important and recurrent
earthquakes, intense volcanism, mountain building and world-class ore deposits. The study of
these processes is thus important for understanding the links between subduction,

magmatism, genesis of ore deposits and topography.

The Pacific Ocean is surrounded by the world’s longest subduction zone: the circum-
Pacific belt. The eastern part of this belt is characterized by the world’s longest mountain
range, the Andes. The Andean cordillera contrasts with other major orogens such as the Alps
or Himalayas because it does not follow from the collision of two continental plates but from
the subduction of the Nazca oceanic plate under the South American continental plate. In the
Central Andes, the crust is >60 km-thick over a large area: the Altiplano-Puna plateau
(Assumpgao et al., 2013; Chulick et al., 2013; van der Meijde et al., 2013). However, how and
when this overthickness was acquired remains debated. Indeed, the subduction has been
almost continuous under the Central Andean margin since at least ~215 Ma (Boekhout et al.,
2012) but deformation that lead to the present-day Central Andes orogen are known to begin
only in the Eocene (Sempere et al., 1990a; Horton, 2005). It has been proposed that thermal
weakening of the crust due to long-lived magmatism above the subducting slab may have had
an effect on the delay between the onset of subduction and formation of the Altiplano-Puna

plateau (Isacks, 1988; James and Sacks, 1999).

Yet, most of the studies addressing the Central Andean orogeny have focused on the

magmatic arc evolution and on deformation, uplift and erosion history of the backarc
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(Mégard, 1984; Kono et al., 1989; Soler and Bonhomme, 1990; Allmendinger et al., 1997;
Worner et al., 2000; Kay et al., 2005; Oncken et al., 2006; Trumbull et al., 2006; Haschke et al.,
2006; Garzione et al., 2008; Barnes and Ehlers, 2009; Mamani et al., 2010; Martinod et al,,
2010; Charrier et al., 2013); however, the thermal history of the forearc, is still poorly known

whereas this zone is prone to record the changes in subduction dynamics.

The objective of my dissertation was to address the thermal evolution and the coupling
between magmatic, tectonic and sedimentary processes over the past 200 Ma in the present-
day forearc of southern Peru. Therefore, my Ph.D. work was focused on the forearc of the
Central Andes, where the crust thickens from ~30 km along the coastline to more than 60 km
under the present-day volcanic arc. Whereas overthickening of continental crust is commonly
viewed as the result of tectonic shortening, in this region the upper part of the crust exhibits
little to no evidence of crustal shortening and in contrast many extensional features (James,
1971; Myers, 1975; Tosdal et al., 1984). Because crustal overthickening often results in
extensional collapse and/or significant erosion, here I address this issue through a regional-
scale study of exhumation using fission-track dating and tectono-sedimentary study of the
Mesozoic to Cenozoic forearc deposits. I focus on the present-day forearc of southern Peru,
because it provides extensive outcrops of basement, arc-related plutonic rocks as well as
backarc sedimentary rocks of different ages that allow comparing the chronology of

exhumation of deep-seated rocks with magmatic and sedimentary processes.

This manuscript is composed of six chapters. The first chapter presents succinctly the
geological context of the Central Andes. The second chapter focuses on the methods I
performed during this Ph-D work and used in the following three chapters. I address there the
main aspects of thermochronological dating methods and more particularly the zircon and

apatite fission-track dating techniques.

Chapters III to VI are designed as papers ready to be submitted. They present three
aspects of the evolution of the present-day forearc of southern Peru I addressed during my
Ph.-D. In chapter III, I firstly present in details the Mesozoic evolution of the present-day
forearc and the novel geological map I propose for this region. This chapter later focuses on
the Upper Cretaceous Paleogene evolution of the copper-rich Arequipa Belt. This region is
interesting as it has been shown that after more than 200 Myr of lithospheric thinning, a

magmatic flare-up occurred there between ~74 and ~62 Ma (Demouy et al., 2012) precisely
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when the Central Andean margin switched to crustal thickening (Mamani et al., 2010). This
chapter thus addresses the role of the different processes that were involved during the early

Andean orogenic evolution.

Chapter IV assesses the Eocene history of deformation and exhumation in the forearc
linked to the Bolivian Orocline formation. I focus on the coastal area of southern Peru where
rigid block rotation is responsible for the present-day crescent-shape of the orogen are
expected to have been the most important. Using thermochronology and studying deposits in
the Eocene to early Miocene basin, I evidence Eo-Oligocene orogen-parallel extension in the

southern Peruvian forearc.

Chapter V addresses the Neogene Andean crustal thickening history, still seen from the
forearc side of the orogen. Dating geomorphic features and comparing the results with
published data from the backarc reveals that the orogenic evolution is likely more complex
than previously thought. Indeed, I show that crustal thickness was likely comparable to
today’s and that lower crustal flow may have redistributed crustal masses around ~10 Ma.

Finally I present the main conclusions and perspectives of this work in chapter VI.
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CHAPTER I - GEOLOGICAL CONTEXT:

THE ANDES OF SOUTHERN PERU
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I. 1 - ARCHITECTURE OF SUBDUCTION ZONES

In the plate tectonic context, the strains provoked by plate subduction cause the biggest
earthquakes, e.g. the Mw 9.5 Valdivia earthquake, which occurred in 1960 in Chile, is the most
powerful earthquake ever recorded by mens. Subduction processes are also responsible for an
intense magmatic activity, and they are also the sites where most of the present-day
continental crust forms. Subduction is thus one of the major geological processes observed at
the Earth’s surface. I hereunder present the general architecture of a subduction zone to

define the terms I will use latter in this manuscript.

Subduction zones present the same schematic architecture (Stern, 2002) (Fig. I.1): an
oceanic plate (the “subducting plate” or “slab”) sinks into the mantle under the «upper plate».
At the border between the two plates it exists an oceanic “trench”. 150 to 200 km away from
this trench there is usually a volcanoes belt on the upper plate. This belt parallel to the trench
is called the volcanic arc. The zone between the trench and the arc is named the « forearc »
and is often affected by subsidence leading to the formation of a « forearc basin ». At the
upper plate edge, sediments scraped off from the subducting plate and from erosion of the
forearc potentially accumulate in an accretionary prism, the zone located on the other side of

the arc is called « backarc » (Fig. I.1).

When the subducting plate sinks into the mantle, its temperature and pressure increase,
these changes trigger the dehydration of the slab. This has for effect to hydrate the upper
plate’s mantle wedge whose melting point lowers, mantle material partially melts and mantle-
derived magma is then able to spring and ascend in the upper plate to form the volcanic arc,
parallel to the trench (Fig. I.1). The position of the volcanic arc is thus directly linked to the
dip of the slab. When the slab is flat, the volcanic arc is located far away from the oceanic

trench or even inexistent while it is close to the trench when the slap dip is important.

Therefore, in most cases, by adding magmatic material of mantellic origin to the crust,
subduction processes trigger crustal thickening. However, collision of an exotic terrane, an
island arc or of the accretionary prism with the upper plate can also trigger crustal thickening
by thrusting. It has to be noted that subduction may also thin the crust, this process is called
“tectonic erosion”. It is believed to allow basal erosion of the forearc, tearing off crustal
material in the subducting wedge (von Huene and Scholl, 1991). This process not only thins

the continental crust, it also permits to recycle it driving it back to the mantle.
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Figure I.1: Schematic architecture of a subduction zone, no vertical exaggeration

I. 2 - BASICS OF ANDEAN GEOLOGY

I. 2. A - The Andean Cordillera

The eastern Pacific subduction zone gave rise to the longest mountain belt in the world,
the Andes. The “Andean Cordillera” strikes broadly N-S over ~8000 km, is submitted to
different climates, has different inherited characteristics, and stands above different
subduction settings (normal slab dip, flat-slab, or triple-junction); it is also the second largest
place in the world where the crust is >60 km thick over a large area (Beck et al., 1996). For all
these reasons the Andean Cordillera is an interesting geological object to study to investigate

the causal links that may exist between these observations.



The Andean mountain range can be divided from north to south in three segments of
distinct orientation: the Colombian-Ecuadorian segment, the Peruvian segment and the
Chilean segment. Topographically, it can also be divided into three slightly different domains:
the Northern, Central and Southern Andes (Fig. 1.2). These domains correspond to different
plate settings and hence building processes and present-day structure of the chain. In Fig. 1.2,
I present a model of plate boundaries as described by (Bird, 2003). This subdivision is mainly
based on seismicity. However, areas of extreme structural complexity are not divided into

different plates but instead are defined as “orogens” (Fig. 1.2).

A B North american Plate

Bolivian
Orocline

. Central'‘Andes

- Northern Andes &

(72}

\&°

South america® \3

?ac'\ﬂc plate

Subduction zone
Limit of divergent plates
Transform limit
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Figure I.2: The Andes in the South American context. A: elevation map of South America, the
Andean Cordillera runs along the western border of the continent and is divided in three
main segments: Colombian-Ecuadorian segment (CES), Peruvian segment (PS) and Chilean
segment (CS) separated by the Huancabamba Orocline (HO) and the Bolivian Orocline.
B: satellite view of South America (from Google Earth) and limits of lithospheric plates, color
corresponding to the tectonic setting of these boundaries. CA: Central American plate; NAP:
North Andean Plate; PO: Peru Orogen; AP: Altiplano Plate; PSP: Puna-Sierras Pampeanas
orogen. Arrows show plate motion vectors relative to a fixed African Plate. (after Bird, 2003)
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The Colombian-Ecuadorian segment (Fig. 1.2), between 12°N and 3°S, trends NNE to
SSW. It develops at the convergent boundary between North Andean and South America
plates. According to Bird (2003), the motion of North Andean plate with respect to South
America is 9 mm/yr toward N076°. The Peruvian segment between 3°S and 21°S follows a
NW to SE trend. The Huancabamba Orocline separates it from the Colombian-Ecuadorian
segment (Fig. 1.2). The Peruvian segment is composed of the “Peru orogen” at north and of
the Altiplano plate at south. The Peru orogen is located at the boundary between the Nazca
and South American plates and coincides with a flat slab subduction zone. Together with the
Colombian Ecuadorian segment, the Peru orogen forms the narrow Northern Andes. In turn,
the Altiplano plate is sandwiched between the Nazca plate and the South American plate and
is located above the eastern flank of the subducting Nazca ridge. This Altiplano block moves

with respect to South America at 15 mm/yr toward N059°E (Fig. 1.2).

The Chilean segment (Fig. 1.2) stands between 21°S and 50°S, is oriented NS, and
separated from the Peruvian segment by the Bolivian Orocline (Fig. 1.2). It is composed of the
“Puna-Sierras Pampeanas” orogen at north, which lies at the boundary between South
America and Nazca plates. This orogen is also lying over a flat-slab subduction zone. Together
with the Altiplano plate, the Puna-Sierras Pampeanas orogen forms the high and wide
Central Andes. In turn, the southern part of the Chilean segment from 35°S to 55°S, where
topography is much lower and where the mountain belt is narrow, is often called Southern

Andes.

The Nazca plate is standing at west of the South American continent, and subducts
under it. Motion of the Nazca plate with respect to South America plate reaches 80 mm/yr
toward the east, south of the Puna-Pampean orogen and in front of the Bolivian Orocline and

69 mm/yr in front of the Huancabamba Orocline (Beck et al., 1996).

The Central Andes and the Southern Andes, in contrast with the Northern Andes,
formed in a context of pure subduction. Indeed, no terrane accretion occurred since the
initiation of the subduction in the Proterozoic (Loewy et al., 2004; Cawood, 2005). Central
Andes are however the Andean part where the orogenic volume is the most important. There,
the orogen is extremely wide (~800 km from the trench to the subandean thrusts in the
backarc) and the crust reaches 70 km of thickness (Beck et al., 1996; Assumpcao et al., 2013),

sustaining the second high elevated plateau in the world: the Altiplano.
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I. 2. B - The Central Andes

The Central Andes can be divided from east to west into four main domains: the
Eastern Cordillera, the Altiplano, the Western Cordillera and the forearc (Fig. 1.3) (Sébrier et
al., 1988). The Eastern Cordillera is a typical fold and thrust belt, thus characterized by and
important tectonic shortening. There, deformation began during the Late Oligocene (~30-
~25 Ma), while the Bolivian Orocline began to develop. It resulted in the eastward Andean
orogenic growth and formation of the present-day Eastern Cordillera fold and thrust belt
(Sempere et al., 1990b; Uba et al., 2006).
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Figure 1.3: The Central Andes. A: Landsat image and main geomorphic domains (f&tb = fold
and thrust belt) after Sébrier et al., 1988. B: Cross section (along the grey line on A) showing
topography (solid line) and observed (squares) and predicted (dotted line) crustal thickness
based on the topography assuming an Airy-type behavior (after Beck, 1996).
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West of the Eastern Cordillera stands the Altiplano, a high elevated plateau in average
at 3800 m above sea level (Fig. 1.3). In turn, the active volcanic arc, also called the Western
Cordillera, forms the western border of the Altiplano endorrheic basin. The crust is very thick
under the Western Cordillera, the Altiplano and the Eastern Cordillera. It reaches its greatest
thickness under the active volcanic arc, on the western border of the orogen, whereas it is
slightly thinner under the fold and thrust belt (Fig. 1.3). An important topographic gradient
affects the Pacific side of the Western Cordilera (the forearc), which is mainly devoid of
compressional deformation (James, 1971; Kono et al., 1989; Beck et al., 1996); and crustal

thickness rapidly thins toward the west under the forearc (Beck et al., 1996).

As stated above, no allochtonous terranes accreted on the margin since at least the
Neoproterozoic (Cawood, 2005). However, the volcanic arc in the Central Andes developed
since at least the Jurassic (Mamani et al., 2010; Demouy et al., 2012; Boekhout et al., 2012) and
migration of the trench-forearc-arc-backarc system since ~200 Ma is recorded in the present-
day forearc of southern Peru (Mamani et al., 2010) (Fig. 1.4). The present-day forearc region is

thus ideal to study an active continental margin over a long period of time.

backarc 30-24 Ma
54 .t.,f{ﬁ— 5 bwwﬂ
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Fig. 1.4: Location of the different magmatic arc and backarc areas in southern Peru since ~310
Ma (Mamani et al., 2010).
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I. 3 - SOUTH PERUVIAN MARGIN EVOLUTION

The forearc region of southern Peru can be divided in three areas, parallel to the trench
from northeast to southwest: the coastal batholith (to which belongs the Arequipa belt) the
Caraveli-Aplao Neogene basin and the Coastal belt (Fig. 1.5). These different areas are
reviewed in details in Chapters III to V but I present hereunder the overall evolution of the

margin since the Paleozoic.

In Southern Peru, basement is composed of Proterozoic rocks that have a complex
metamorphic history forming the “Arequipa Massif”. In particular, between Camana and
Cocachacra a large metamorphic inlier of ~1.1 Ga ultra- high temperature granulites crops
out (Martignole and Martelat, 2003; Loewy et al., 2004; Casquet et al., 2010). The Arequipa
massif is however mainly composed of gneisses of Proterozoic age that are unconformably
overlain in the San Juan area (Fig. I.5) by Neo-Proterozoic glaciogenic deposits (Chew et al.,

2007; Chew and Kirkland, 2011).

According to different authors, the subduction as known as today emplaced on the
western south American margin either at 650 Ma (Chew et al., 2008), ~570 Ma (Cawood,
2005) or >450 Ma (Collins, 2003). In southern Peru, the first plutons with a subduction-
related geochemical signature intruded the Arequipa Massif during the Ordovician, between
473 and 440 Ma (Mukasa and Henry, 1990; Loewy et al., 2004; Miskovi¢ et al., 2009). From
Late Permian to Middle Jurassic, southern Peru underwent rifting (Sempere et al., 2002). A
marker of this intense extension can be observed in the Ocofia valley where a large
detachment fault (the Ocofia detachment; Fig. 1.5) separates gneisses of the Arequipa massif

from Pensylvanian deposits (Fig. 1.6) (Taipe, 2004).

During the ~215-90 Ma interval, a sinistral trantensional regime was prevailing in the
Peruvian segment (Jaillard et al., 1990) and an important marine backarc basin developed.
This type of basin has a typical sedimentary architecture: volcanic rocks are deposited on the
arc-side slope of the basin and sedimentary facies evolve toward volcaniclastic sandstone,
often of greenish color. Slumped deposits and shales fill the axis of the basin while well-sorted
sandstones accumulate on the continental slope. Thus, sedimentary facies of backarc basin
deposits permit to infer the position of the arc at the time of deposition and knowing the
regional stratigraphy and age of the different plutons, it is possible to reconstruct the

migration of the arc through time. I did this exercise for southern Peru using a literature
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Figure 1.6: Evidences of margin extension during the Paleozoic: the Ocofia detachment. A:
The detachment fault creates a structural slab in the landscape, well expressed in the Ocona
valley. B: The Ocona detachment fault zone (hammers for scale); C: C-S structures in the
Proterozoic migmatites few meters under the detachment fault; D: Extensional deformation in
the Pennsylvanian deposits.



compilation; results are shown in Fig. 1.7 and in the following paragraphs

In southern Peru, the Jurassic to mid-Cretaceous backarc basin deposits (Fig. 1.5) form
the Chocolate and Yura Formations (Vicente, 1981). According to a recent geochronological
study by Demouy et al. (2012), at 200 Ma, magmatic activity was located in the Arequipa area,
it then migrated to the southwest (Fig. 1.7) to build the Ilo batholith (Fig. I.4) in the coastal
area between 175 and 152 Ma (Boekhout et al., 2012). In the Arequipa belt, the backarc basin
deposits recorded this migration of the arc as sediments evolved gradually from lavas to
volcaniclastic sandstones, shales and latter to sandstones deposited on the Amazonian slope of

the back-arc basin (Fig. I.7).

At ~130 Ma, the arc was located in the present-day offshore but, the arc started to
migrate back toward the continent (Fig. I.7). Between 110 and 106 Ma, the magmatic arc was
back on the present-day coast and few plutons emplaced in the Ilo batholith (Boekhout et al.,
2012). It is important to note that an important marine transgression affected the backarc

basin at this time and that a carbonate platform formed in the backarc basin (Fig. 1.7).

At ~90 Ma, the arc is back in the Arequipa belt (Fig. I.7) (Demouy et al., 2012) and the
carbonate platform collapses in a giant mass wasting (Callot et al., 2008). The backarc basin
experienced then a rapid fall of the base level, and sediments deposited in the backarc turned
continental. These sediments were derived from the southwest, where the volcanic arc was
located (Jaillard, 1994). The arc stayed in the Arequipa belt until ~60 Ma (Fig. 1.7) (Demouy et
al., 2012), during this period important volumes of magmas emplaced as well as important

porphyry-copper deposits (Mukasa, 1986; Demouy et al., 2012; Quang et al., 2003).

At ~45 Ma, the arc is located in the present-day Altiplano (Fig. 1.4) (emplacement of
the Yauri batholith) and continental forearc deposits accumulated in the Caraveli-Aplao basin
(Fig. I.5 and 1.7). Around 30 Ma, first thrusts developed in the Eastern Cordillera (Sempere et
al., 1990b; Uba et al., 2006), the Bolivian Orocline formed (Roperch et al., 2006) and the arc
started to migrate back toward the southwest and its present-day location (Fig. 1.4 and 1.7)
(Mamani et al., 2010). It has to be noted that there is no evidence of important upper-crustal
tectonic shortening in the present-day forearc of southern Peru that, on the contrary, exhibits

normal faulting (James, 1971; Sébrier et al., 1985, 1988; Sempere et al., 2008).
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Fig. 1.7: Schematic cross-sections of NE-SW orientation across the present-day forearc (see location of present-day coastline and Arequipa area) showing the
lateral migration of the forearc-arc-backarc system and associated sedimentary facies through time after a literature compilation.
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An important change thus occurred during the Middle Cretaceous when a carbonate
platform developed in the backarc basin before to massively collapse at ~90 Ma (Callot et al.,
2008). Just after this event, the backarc basin turned continental and sediments that were
previously derived from the NE started to come from the southwestern border of the basin,
where the volcanic arc was located. However, why the arc suddenly formed a relief at ~90 Ma
is unclear. In addition, balanced structural cross-sections at the orogenic scale only explain 70
to 80% of the crustal thickening under the Altiplano plateau by the tectonic shortening
observed in the Eastern Cordillera and the origin of a large amount of crustal mass (20 to 30
%) remains unknown (Allmendinger et al., 1997). Thus, processes leading to the anomalous
crustal thickness in the Central Andes (Beck et al., 1996; Assumpgao et al., 2013; van der
Meijde et al., 2013) and in particular in its western area that does not exhibit upper crustal
shortening (Sempere et al., 2008) remain enigmatic. Moreover, the subduction is usually held
responsible for crustal thickening; it was, however, established for hundreds of million years
(Mukasa and Henry, 1990; Collins, 2003; Loewy et al., 2004; Cawood, 2005; Chew et al., 2008;
Casquet et al., 2010), whereas high topography (and thus anomalous crustal thickness) exists
for less than 30 Ma (Sempere et al., 1990b; Garzione et al., 2008). It thus seems that crustal
thickening and the related formation of topography (or surface uplift) are not related to the
whole history of subduction but only to its recent past. The question then arises as which

processes permit to thicken the crust in an ocean-continent subduction context.

One option to get new insights on this question is to compare the chronologies of
different phenomena resulting from different processes. For example it is possible to compare
magmatic phenomena as increased production of magma (linked to subduction), sedimentary
records (linked to erosion and thus to formation of topography) and exhumation of deeper
rocks as basement (linked to tectonics, erosion and formation of topography). In this study, I
focus on the present-day forearc of southern Peru because it permits to study the margin
evolution over a long period of time, and thus to characterize important turning points in the
margin history. Moreover, it seems that inception of the Bolivian Orocline formation is
associated with the beginning of the deformation in the Eastern Cordillera (Roperch et al.,
2006; Arriagada et al., 2008) and because the forearc experienced the most important block
rotations, it is prone to give insights on the beginning of the deformation. Finally, because the
Pacific Ocean base level is close, forearc of the Central Andes is likely to have recorded surface

uplift associated with crustal thickening. Together with a detailed knowledge of the regional
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geology, I use in this study zircon U-Pb dating as well as thermochronology (apatite and

zircon fission-track dating) to provide new insights on the Central Andes evolution.
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CHAPTER II - METHODS

During my PhD, I performed apatite and zircon fission-track dating, as well as zircon
U-Pb dating for analysis of different samples of crystalline, volcanic and sedimentary rocks. I
hereunder describe briefly the methods and the underlying concepts for interpreting the

results.

Note that I also discuss data provided by co-authors and obtained by other methods such as
“Ar/*Ar on micas and zircon (U-Th)/He analyses. Methods for collection of these data are
presented in Appendices A and B respectively.
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II. 1 - INTRODUCTION TO GEO-
THERMOCHRONOLOGY

I1. 1. A - Definition

Geo-thermochronology is a technique that uses the radioactive decay of for example
*3U and U or the spontaneous fission of **U for obtaining apparent cooling ages. These
dating methods are all based on a radioactive decay law that links the time f since the system
closed to the amount of parent and daughter atoms (respectively N, and Ny) through the

following equation:

Ny = Ny(e?* — 1)

Which can be transformed in:

A N

1 |N
t=—1n[—d+1]
p

For the U-Pb, *Ar/*Ar and (U-Th)/He methods this means that knowing the
radioactive decay constant A of the system used and the number of parent and daughter
isotopes (N, and N,) remaining inside the mineralogical system, one is able to estimate the

time f since when the analyzed mineral cooled under given temperature.

In case of the fission-track methods, for one million **U atoms that will decay by alpha
decay (and several beta decay steps) to ***Pb, one **U atom will decay by spontaneous fission,
following the fission-decay constant of about = 9x10" y'. By determining the track density
and the U concentration on a given internal grain surface, an apparent cooling age can be
determined, because the preservation of latent tracks in the crystal is mainly dependent on

temperature, as discussed below.
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II. 1. B - Principle concepts: closure temperature and the partial

annealing/retention zone

a - The closure temperature concept.

The closure temperature (T.) concept, as developed by Dodson (1973) is based on
diffusion of daughter isotopes out of a crystal (in case of the (U-Th)/He and the “’Ar/*Ar
dating systems) or the annealing of fission tracks in apatite or zircon. This concept states that
at a given temperature, the closure temperature, the system changes from an open to a closed
system. This means, at ambient temperatures higher than the closure temperature daughter
isotopes quickly defuse out of the crystal, or latent fission-tracks are rapidly fully annealed and
not retained or preserved in the crystal. On the contrary, at ambient temperatures lower than
the closure temperature, the daughter isotopes or latent fission-tracks are retained inside the

crystal, and the system is considered as “closed” (Fig. II.1).

Closed System Open System

>
. ' @ Parent

r decay
(O Daughter
.»

Figure II.1: Schematic illustration of a closed or open system with respect to the retention of
radiogenic daughter products (Braun et al., 2006)

The T. is different for each dating system and depends primarily on the cooling rate
(Fig. I1.2). The faster the cooling rate, the higher is the closure temperature of the system and
vice versa. However, the T. also depends on the chemical composition of the crystal, grain size

(*Ar-*Ar, (U-Th)/He), and the amount of accumulated radiation damage (Green and Duddy,
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1989; Corrigan, 1993; Braun et al., 2006).

The T. concept has to be regarded as a simplifying concept that works well for minerals
that experienced relatively fast monotonic cooling (>10°C/Myr). In this case the T. for the
apatite and zircon fission-track systems are about 120 °C and 240°C respectively. However,
very slow cooling (<2°C/Myr) or re-heating because of volcanic activity, intrusions,
circulation of hot fluids and/or burial) may cause partial retention (for **Ar/*Ar, (U-Th)/He

systems) or annealing (for apatite and zircon fission-track systems).
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Figure II.2: Closure temperatures depending on cooling rates for different thermo-
chronological systems (Reiners and Brandon, 2006). A: apatite; Z: zircon; T: titanite; Bi:
biotite; Mu: muscovite; Hb: Hornblend; He: (U-Th)/He method; FISSION-TRACK: fission-
track method; Ar: 40Ar-39Ar method. For example Ahe stand for “apatite (U-Th)/He
method”. Renfrew and Tioga are two types of apatites with different compositions,
respectively nearly end-member fluoroapatite and fluor/hydroxylapatite considered to be the
least and most retentive of the common naturally occurring in apatite (Carlson et al., 1999).
The line labeled “Tagami et al.” was obtained for natural zircons from a 21-Ma dacite tuff
(Tagami et al., 1998).
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b - Partial annealing and retention zone concepts

The partial annealing zone (PAZ) (Wagner, 1979) or partial retention zone (PRZ)
(Wolf et al., 1996) concepts are based on the fact that annealing of fission-tracks or retention
of He or *Ar is only partial over a given temperature range, depending on the dating system
(Fig. I1.3). The upper and lower limits of the PAZ and PRZ are defined respectively at the
temperatures were 10% and 90% annealing of fission tracks or retention of He (or **Ar) occur
in the crystal. The temperature limits of this range depend on the holding time of a crystal
within the PAZ or PRZ, and therefore on the rate of cooling (Fig. II.3). If the cooling rate is
slow the crystal passes the PAZ or PRZ slowly and significant resetting can occur. Similarly, in
case of reheating, a crystal can reenter the temperature range of the PAZ or PRZ, resulting in
the partial to full loss of information on the previous thermal history, especially because the
rates of reheating are generally poorly known, if at all). For common orogenic cooling rates of
10-20°C/Myr the apatite and zircon fission-track PAZ are in general between about 60-110°C
and 200-250°C respectively.
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Figure II.3: Loss-only partial retention and annealing zones of different thermochronologic
systems (Reiners and Brandon, 2006). Upper and lower boundaries correspond to 90% and
10% retention.
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Thermochronologic data can be used for reconstructing the thermal history of upper
crustal rocks by determining the timing and rates of cooling and/or modelling of exhumation
rates. The thermal histories and exhumation rates can then be used for obtaining information
on relief formation, sediment provenance analysis and in the conjunction with known
geological constraints of the study area to determine the geologic evolution of this area and

the processes that were responsible for this evolution.

I1. 1. C - Choice of the thermochronometer

The choice of the thermochronometer will depend on the given geological problem to
resolve available minerals (lithology) to analyze and of their closure temperature. Thus,
systems with very high closure temperatures will be used to date crystallization and
metamorphism events, e.g. zircon U-Pb dating. These techniques belong to the field called
“geochronology”, whereas systems with mid to lower closure temperatures will be preferred to

study processes affecting the Earth’s upper crust (Fig 4).

Mineral Closure Temperature (*C)
0 100 200 300 400 500 600 700 800
I I I [ 1 1 I I

B u-Pbzircon
B u-Pb Monazite
- Ar-Ar Hornblende
| U-PbTitanite
|| Rb-SrWhole Rock
- Sm-Nd Garnet
B u-Pb Rutile
- Rb-Sr Muscovite
- Ar-Ar Muscovite
I Rb-srBiotite
B Fission Track Titanite
B Ar-ArBiotite
- Fission Track Zircon

- Ar-Ar K-Feldpar

[ (U-Th)/He Zircon and Titanite
B Fission Track Apatite

B (U-Th)He Apatite Figure I1.4: Closure temperature
[N Y Y SN N TR B range of different geo- and
0100 S S 400 00 B S00 800 thermochronologic dating techniques

Mineral Closure Temperature ("C)



I1. 2 - U-PB DATING

Zircon uranium-lead (U-Pb) dating method (KoMer and Sylvester, 2003; Jackson et al.,
2004) is commonly used for magmatic and metamorphic rock dating, provenance analysis
and thus for geological reconstructions. Indeed, its closure temperature is very high (800 +
50°C) (Lee et al., 1997). This method relies on two separate decay chain of the two naturally
unstable isotopes of uranium (**U and **U) to two stable isotopes of lead (**Pb and *Pb,

respectively). Ages t since when the system closed are given by the following equations:

206Pb
= ehezst _ 1

238U

207Pb
3 = et -1

U

Measuring respectively the **Pb/***U and *”Pb/**U ratios, we can thus obtain two ages
t for the same grain and plot these ages in the so-called Concordia diagram (Wetherill, 1956)
drawn in a **Pb/**U — 2Pb/**U space (Fig. II.5). In this space, the Concordia curve
represents the place where ordinate and abscissa give the same age (“concordant ages”). Any
analyzed zircon that plots on the Concordia gives the age of crystallization of this zircon.
When ages obtained by the two methods are not concordant, the analyzed zircon plots away
of the Concordia curve. This happens often and means that the system has been opened and
that the Pb diffused out of the crystal lattice. If different zircons from the same sample were
analyzed, they usually plot on a line defining the sample’s Discordia. The upper intercept of
the Discordia with the Concordia permits to obtain the age of closure of the system whereas

the lower intercept gives the age of system opening (e.g. age of metamorphism).

Figure II.5: Concordia diagram. 0
Black curve corresponds to the - _r oy
Concordia line (Wetherill, 1956), age i i %
of crystallization of any zircon amsppe o5 15 by ‘v” Concordia
analyzed that plots on this curve are 23| L ,,-"'
indicated by ticks. Discordia line is 0.2 -05by //’ scarits
dotted. The upper intercept between F
Discordia and Concordia gives the 01 = 7
crystallization age t, of the zircons y o
analyzed (black dots) whereas lower % 2 4 6 8 10 12
intercept gives the age t* of Pb loss. 207pp*

235
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II. 3 - FISSION-TRACK DATING

The spontaneous fission of **U produces two charged ions that recoil in opposite
directions from each other. The two charged ions travel for a total distance of about 16 um in
apatite and 11 pm in zircon, causing ionization damage in the crystal structure by
displacement of electrons and atoms. These damage zones are known as latent fission-track
(Price and Walker, 1963; Fleischer et al., 1975). In principal fission tracks are randomly
oriented in the crystal, but for apatite only crystals mounted parallel to the crystal c-axis
should be analyzed to avoid anisotropy effects in track annealing (Donelick et al., 2005).
Fission tracks are visible with an optical microscope only after chemical etching that makes

the latent tracks wider.

II. 3. A — Sample preparation

Apatite and zircon are accessory minerals, more common in upper crustal felsic rocks
and their metamorphic equivalents, and highly variable contents in clastic sedimentary rocks.
It is thus necessary to sample 4 to 8 kg (or more) of rock, depending on lithology. After
crushing, samples are sieved and the 100-200 um fraction is conserved for apatite fission-
track analysis and the 80-160 pm fraction for zircon fission-track. These grain sizes are
suitable for microscopic observations and track counting. As apatite and zircon are heavy
minerals with specific gravities of 3.1-3.2 for apatite and higher than 4.6 for zircon, mineral
separation is done with a Gemini shaking table and with heavy liquids (LST and Methylene
Iodide). The separated apatite and zircon grains are respectively mounted in epoxy resin and
Teflon® sheets, and polished in order to expose an internal surfaces. Mounts are then etched:
during 20 seconds at 21°C in 5.5M HNO:s for apatite and during 5 to 100 hours at 228°C in
NaOH+KOH melt for zircon (see paragraph II.2.B). Spontaneous fission tracks in contact
with the mineral surface are being etched and become visible with an optical microscope (Fig.

11.6).

Figure IL.6: Fission-tracks in a ~100 um long
apatite crystal (Picture by D. Chew).




II. 3. B - Etching theory

The geometry of etched tracks is controlled by two chemical attack factors: the general
attack on the grain surface and the chemical dissolution along the track (Fleischer and Price,
1964). Etching rates depend on different factors as the crystallographic orientation of the
grain or the degree of ionization of the mineral’s lattice. But in any case, etching rate is higher

for tracks than for surfaces.

After etching, most of the tracks that were intersecting the polished surface are thus
visible, except those whose inclination under the surface is smaller than a critical angle
(Fleischer and Price, 1964; Fleischer et al., 1975). This angle is very important for age
calculation because observed track density has to be corrected from this effect. Note also that
when etching time increases, the number of tracks revealed increases also because tracks that
began under the original surface are progressively attained via the removal of the mineral

surface while tracks etched at an early stage remains visible after long etched times.

A good determination of age is thus dependent on the closeness between the observed
track density and the “real” latent track density. Thus, etching rate of the surface needs to be
as small as possible. A good way to be sure that this is the case is to count only the grains with
shallow and thin polishing scratches (Naeser et al., 1980). Moreover, etch time must be as
short as possible to have very few new tracks added by removal of the original surface towards
the center of the grain. For highly anisotropic minerals such as zircons, it is thus necessary to
proceed by step-etching to determine the optimum etch time. This observation procedure
needs a trained operator. On the other hand, for apatites that are almost isotropic, etch time is
very slow and needs to be always the same (20 seconds) to be able to compare length data

between laboratories.
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II. 3. C - Individual grain age determination

a. Principle

Counting of visible fission tracks is equivalent to counting the number of fission events
that happened above and below the analyzed grain surface since the mineral cooled below the
closure temperature. As the fission-track annealing velocity varies with the crystallographic
direction (Green and Durrani, 1978; Laslett et al., 1984), the number of fission track N is thus
determined by convention on surfaces parallel to the c-axis of crystals where the rate is the

slower.

However, the concentration of remaining ***U isotopes in the grain remains unknown.
To determine it, we use the fact that the ratio of **U/*°U is constant in nature (it equals
137.88; Steiger and Jdger, 1977), and that fission of *°U can be induced by capture of a
neutron during irradiation with thermal neutrons. It is thus possible to estimate the **U
concentration indirectly knowing the density of induced fission-tracks from **U following
irradiation (and neglecting the alpha decay of *°U because **U and *°U are in a secular

equilibrium).

To do so, we use the external detector method (Fig. I1.7) that consists of attaching a
uranium free mica detector to the grain mount and irradiating the samples together with
dosimeter glasses and age standards with thermal neutrons in a research reactor. The capture
of a neutron by a **U will induce its fission and the formation of induced tracks inside the
mineral lattice. Fission of **U atoms near the polished surface of the grain will also damage
the external detector and leave induced tracks in the mica. After irradiation the mica is etched
with 48% hydrofluoric acid (HF) for 18 minutes at 20°C to reveal the induced tracks. The
intensity of the neutron flux is estimated with a U-doped dosimeter glass in which the
concentration in **U is known (15 ppm IRMMS540R for apatite fission-track analysis and 39.8
ppm CN1 for zircon fission-track analysis). For this study, all samples were irradiated at the
FRM II reactor in Munich, Germany. Apatite fission-track samples were submitted to a flux
around 4.5x10" neutrons/cm*during 6.5 to 7 minutes, whereas zircon (containing much more

uranium) were irradiated under a flux of ~0.55x10" neutrons/cm?® during 55 to 60 seconds.
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Figure II.7: Schematic outline of the external detector method (Gallagher et al., 1998)
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a - Age determination

The external detector method (Fig. II.7) permits dating individual apatite or zircon

grains and the fission-track age is calculated with the following equation:

1 N
FTage = —In[1 + g1 ;&pq —]

Where FTage is the fission-track age of the apatite or zircon grain, 4, is the total decay
constant of **U (1.55x10* Ma), g a geometrical factor (0.5),  the “zeta calibration factor”
(see paragraph II1.2.C.c), p, the induced track density of the dosimeter glass depending on the
neutron flux, Ny the number of spontaneous tracks (counted in the grain), and N; the number

of induced tracks (counted in the external mica detector).

b - Zeta factor determination

The eye of the operator gets trained whereas its visual acuity may change. Moreover,
the “counting style” of each operator may be different. For example, one would count a track
when it touches the reticule while someone else (like myself) will only consider tracks whose
etch pit is touching the reticule. Thus, each operator induces a different bias in the age
determination. To correct it, we determine a “zeta factor” Musing age standards whose fission-
track age is precisely known (Hurford and Green, 1983; Hurford, 1990). TheX value is
calculated from the deviation between the age obtained by the operator and the real age of the
standard. As the zeta factor evolves with time for each operator, it needs to be determined
quite often. Ideally, we should determine zeta factors with standards spanning a large age
interval to have a good calibration for any age obtained. In this study we used three different
age standards: Fish Canyon and Durango tuffs for apatite, and Buluk and Fish Canyon tuffs

for zircon fission-track analyses.
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¢ - Factor of errors

We have seen above that the external detector method allows calculating an age and the
associated error for each individual grain. However, the ages within the same sample may vary
a lot. These “extra-Poissonian” variations are due to experimental and geological factors such
as under-etching of spontaneous tracks, bad contact between the grain mount and the mica
detector, presence of grains originating from different sources and/or differential annealing

between grains because of their different chemistry (Burchart, 1981; Green, 1981).

First of all, one should test if the distribution of single grain ages is normal or not. This
is easily done by the statistical method of the X test (Galbraith, 1981) (Galbraith, 1981): if X* >
5%, then the distribution tested is considered to contain only one population (“normal”
distribution). In this case, different ages can be calculated from the age distribution of single

grains (Galbraith and Laslett, 1993):

- The “mean age” is the arithmetic mean of the distribution. It depends on
the ratio of spontaneous and induced track counts but does not take into
account the precision of each single age. It represents only the minimum age of

the last cooling below the 120°C isotherm.

- The “pooled age” is the age calculated from the sum of spontaneous and
induced tracks. This method assumes that all grains have the very same age and

does not take into account the variability of the individual grain ages.

- The “central age” is the mean of the logarithmic distribution of the ages
pondered by the uncertainty on each individual grain age (Galbraith and
Laslett, 1993; Gallagher, 1995). It is thus less sensible than the others to “extra-
Poissonian” variations. In this study, for all samples that passed the X* test, we

used the central age.

A sample may contain grains with a wide range of ages that statistically belong to more
than one age population. For example, in detrital sediments each grain may have recorded a
different thermal history and therefore more than one population may be detected (X < 5%).
In general, for bedrock samples with simple cooling histories about 20-30 individual grains to
determine the apparent cooling age. For samples from detrital sediments and non-reset

sedimentary rocks up to 100 grains if possible should be analyzed for better capturing.
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d - Parameters of fission-track annealing

As we have seen above, fission tracks are not stable and fade away under certain
temperature conditions (concept of thermal annealing; Fleischer et al., 1975). This ability of
the mineral lattice to return from a disordered partially amorphous state (accumulated
fission-track and alpha damages) to an ordered crystalline structure (no damage) is likely due
to diffusion of interstitial atoms to their original position because of thermal activation due to
heating (Paul and Fitzgerald, 1992; Paul, 1993). Various authors have studied the behavior of
fission tracks under controlled temperature and pressure conditions and time (Yamada et al.,
1995; Barbarand et al., 2003) as well as in different natural settings such as deep boreholes
(Naeser and Forbes, 1976), contact metamorphic aureoles (Naeser and Faul, 1969),
monotonous cooling of plutonic rocks (Harrison et al., 1979). Results of annealing
experimental studies shows that as well as for etching, the track-annealing rate depends upon

different factors, the main important ones are listed below:

- Crystallographic orientation of the tracks (annealing parallel to the c-axis

is slower) (e.g. Green et al., 1986; Tagami et al., 1990),

- Chemical composition of the mineral: Cl-rich apatites anneal more slowly
than fluoroapatites (Green et al., 1986). A positive correlation between the Cl-
content and the Dy, value of apatite (a measurement of the size of the etch pit
parallel to the crystal c-axis) has been observed (see summary in (Donelick et
al., 2005). Apatite with Dy, values < 1.75 pm are considered as fast annealing

and with values > 1.75 um as slow annealing. Dy, is.

- Accumulation of radiation damage in the considered crystal (mostly for
zircons and sphenes). Older zircons (with a greater damage accumulation) see

their tracks anneal more slowly than younger zircons),

- Pressure seems to play a role in apatites but not at the geological scale

(Wendt et al., 2002) and has almost no influence on annealing rate in zircons.
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CHAPTER 111 -

EARLY PALEOGENE CRUSTAL EXTENSIONAL
COLLAPSE IN RESPONSE TO LATE
CRETACEOUS ARC GROWTH AND FLARE-UP
IN THE AREQUIPA BELT OF SOUTHERN
PERU, CENTRAL ANDES

This chapter is similar to a paper that will be submitted to the Geological Society of America
Bulletin in collaboration with Thierry Sempere, Matthias Bernet, Alexey Ulianov and Jean-
Louis Paquette (zircon U-Pb analyses).
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New geo- and thermochronogical data coupled to a new tectono-stratigraphic map
illuminate the Late Cretaceous-Paleogene evolution of the copper-rich Arequipa belt of
southern Peru. During the Lower Cretaceous, the Andean subduction arc migrated from the
coastline towards the Arequipa region where it established between ~90 and ~52 Ma. This ~38
Myr long evolution comprised three stages: initial growth (~90-74 Ma), flare-up (~74-62
Ma), and gravitational collapse (~62-52 Ma). Between ~84 and ~76 Ma, the arc was developed
significantly enough to destabilize its stratigraphic cover and trigger large-scale mass-
wastings, at least on its backarc slope. During initial growth of the arc, the backarc basin was
also rapidly evolving toward continental conditions. Arc growth persisted and resulted in
magmatic flare-up from ~74 to ~62 Ma. In-situ and detrital apatite and zircon fission-track
data and geological relationships indicate that extensional exhumation by regional-scale
normal faulting and block tilting started at ~62-60 Ma. We interpret this Late Cretaceous to
Early Paleocene evolution as reflecting an extensional collapse of the arc due to important
addition of mantle-derived magmas in the crust. As a result, the Arequipa belt now appears as
a well-preserved taphrogen of Early Paleogene age where extensional conditions lasted

through the Eocene and waned until ~30 Ma.
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III. 1 - INTRODUCTION

The Central Andes illustrate an extreme case of orogenic growth related to an ocean-
continent subduction. Across the terrestrial forearc (the western side of the orogen), the
current crustal thickness rapidly increases from ~30 km along the coastline to >60 km beneath
the magmatic arc, where maximum thickness is generally recorded (James, 1971; Kono et al.,
1989; Beck et al., 1996; Beck and Zandt, 2002). Given the subduction context, this crustal
overthickening results likely from tectonic and magmatic processes that interacted in a

complex way (Sempere et al., 2008).

However, the currently dominant paradigm in the Central Andes postulates that crustal
thickening mostly resulted from contractional tectonics, which is believed to have propagated
from west to east (Isacks, 1988; Suarez et al., 1983). Nevertheless, the upper crust in the
forearc of southwestern Peru exhibits little to no evidence of tectonic shortening but, in
contrast, many extensional features (James, 1971; Myers, 1975; Tosdal et al., 1984; Kono et al.,
1989; James and Sacks, 1999; Sempere and Jacay, 2008). Moreover, it has been shown that the
Central Andean margin, which had undergone significant lithospheric thinning over >200
Myr, switched to crustal thickening at ~90 Ma (Mamani et al., 2010). Both these observations
question the importance of magmatic addition and/or underplating in the crustal
overthickening of the arc region and invites to investigate in detail the ‘early’ geological
evolution of the orogen through an integrated study of the Late Cretaceous to Paleogene

magmatic, sedimentary, tectonic, and exhumation records.

In this chapter, we focus on the Arequipa belt of southern Peru (Fig. III.1) because it
was recently shown to have been the locus of a magmatic flare-up during the latest Cretaceous
and earliest Paleocene (Demouy et al., 2012). This area thus provides an ideal location to test
the role of arc magmatism during the early Andean crustal thickening. Moreover, because
overthickening of the crust generally results in its collapse and/or significant erosion, which
both lead to exhumation of rocks, we have addressed this issue using fission-track and zircon
U-Pb dating. We propose a new tectono-stratigraphic chart and map, combine it with new
thermochronological and geochronogical data, and our current knowledge of the regional
stratigraphy and magmatism in order to produce a refined picture of the geological evolution
of the region during the Late Cretaceous and Paleogene. Our conclusions shed light on the

processes that were involved during the early stage of the Central Andean orogeny.
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III. 2 - GEOLOGY OF THE AREQUIPA REGION

III. 2. A - Geological architecture of the forearc

Peru has been located above a major ocean-continent subduction zone since at least the
Early Paleozoic, and possibly since ~650 Ma (Chew et al., 2008). This margin has therefore
maintained a magmatic arc during most of its evolution, with a forearc basin extending
between the arc and the subduction trench, and a backarc basin extending between the arc
and the South American mainland. The study area is located in the present-day terrestrial
forearc of southern Peru, it is bounded by the Pacific coastline and the present-day volcanic
arc, which is commonly referred to as the Western Cordillera (Fig. II.1). In this region the
main structural features are parallel to the subduction trench, which trends NW-SE at these
latitudes (Fig. III.1). The study area presents two belts, namely the coastal and Arequipa belts,
which are separated by the ¥ 1 km-high Clemesi elevated surface. A few valleys have incised
this surface (Fig. III.1) providing continuous outcrops showing that no marked geological

boundaries separate the two belts.

The coastal belt is characterized by a ~1 km-high escarpment, which is often referred to
as the “Coastal Cordillera”. This escarpment mostly exposes crystalline basement consisting of
Proterozoic metamorphic rocks and Ordovician plutons that crop out northwest of the Rio
Tambo fault zone (RTFZ - Fig. II1.2; Roperch et al., 2006). Southeast of the RTFZ, mainly
plutonic rocks of Jurassic and mid-Cretaceous age, and al 3 km-thick succession of Late
Paleozoic to Jurassic volcano-sedimentary strata outcrop (Boekhout et al., 2013). In this work
we use “coastal escarpment” instead of “Coastal Cordillera” because in general no relief exists

along its northeastern side.

The Arequipa belt, where the study area is located, is dominantly structured by
regional-scale normal faults (Fig. III.1; Sébrier et al., 1985; Demouy et al., 2012), and exposes a
variety of rocks that range from Proterozoic to Cenozoic in age (Fig. II1.2). The abundance of
plutonic and volcanic rocks of Late Cretaceous to earliest Eocene age indicates that the coeval
subduction arc was located along the Arequipa belt (Fig. 1.7 and II1.2.C), and especially along
the La Caldera Horst (LCH) (Fig. II1.1).
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Figure III.1: Main geomorphic and tectonic features of southern Peru. Inset: location of the
study area in the northeastern south American framework. ASF: Agua Salada fault; CF:
Cenicienta Fault; CLS: Cincha-Lluta slump; CV: Cerro Verde porphyry copper deposit; HF:
Huanca fault; LFS: Luclla fault; RTFZ: Rio Tambo fault zone; TF: Toran fault; QF: Quinistacas
fault.
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The geological record indicates that coastal southern Peru has been submitted to an
arid to hyper-arid climate since at least the mid-Cretaceous (Hartley et al., 2005), which has
largely contributed to preserve quite ancient geomorphic and geologic features (Dunai et al.,
2005). Among them, the hyper-arid elevated Clemesi surface (Fig. III.1), gently dipping
towards the ocean, extends between the Arequipa belt and the coastal escarpment. It
represents the abandonment surface of a Late Neogene sedimentary system that covered older
rocks bridging the coastal and Arequipa belts. The Majes, Siguas, Vitor and Tambo valleys

incise the Clemesi surface (Fig. III.1).

II1. 2. B - First order stratigraphy

Because specific rocks and paleogeographies characterize each of the belts described in
the section IIL. 2 A, it has been possible to reconstruct the positions of the trench-forearc-arc-
backarc system in southern Peru for a number of time intervals. Our compilation of these
reconstructions (Vicente, 1981 and 1982; James and Sacks, 1999; Mamani et al., 2010;
Boekhout et al., 2012; Demouy et al. 2012) and our own ongoing work show that the trench-
forearc-arc-backarc system in southern Peru has considerably migrated across time since the

Carboniferous (Fig. 1.7 and Fig. II1.2).

In the study area, the crystalline basement is dominantly exposed along the coastal
region (Fig. III.3) where its rocks form most of the coastal escarpment between 71.7° and
74.0°W. Basement rocks consist of ~1.2-0.9 Ga-old ultra-high-temperature (UHT)
migmatites and subordinate Ordovician granitoids (Casquet et al., 2010; Martignole and

Martelat, 2003).

The basement is overlain by a >5 km-thick stratigraphic succession of Late Paleozoic to
mid-Cretaceous age where forearc, arc, and backarc sedimentary facies deposits are piled-up
in this order (Sempere et al., 2002 and 2012), reflecting the migration of the system toward the
southwest (Fig. 1.7 & III.2). During this period, arc and locally backarc plutons of Late
Paleozoic to mid-Cretaceous age emplaced, forming the so-called ‘Coastal Batholith’

(Boekhout et al., 2012; Demouy et al., 2012).

Whereas a carbonate platform began to develop in the backarc basin ~110 Ma ago

(Arcurquina limestones), a major change occurred starting at ~90 Ma (Fig. 1.7; Mamani et al.,
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2010). This change included the re-establishment of the arc in the Arequipa belt, major
gravitational collapses of the upper sedimentary basin fill (Callot et al., 2008; Demouy et al.,
2012) and the continentalization of the backarc basin. Numerous intrusions spanning the
~90-62 Ma interval occurred specifically along the Arequipa belt, which also includes
paleovolcanic systems as young as ~52 Ma (Clark et al., 1990; Bidgood, 2000; Simmons et al.,
2013). In particular, the arc apparently underwent a magmatic flare-up during the ~70-62 Ma
interval, at least in the Cerro Verde area (Demouy et al., 2012). Volcanic and volcaniclastic
strata reflecting the same evolution accumulated during the ~90-55 Ma interval, overlying

unconformably older sedimentary units but apparently with no angularity.

Between ~52 and ~45 Ma, at about the longitudes of Arequipa (~71.3° - 74.2° W), the
arc migrated ~100-150 km northwards (James and Sacks, 1999). During this period, in the
study area, subhorizontal forearc red beds dated ~50-30 Ma uncomformably deposited over
the previously described sedimentary pile. Since 30 Ma, the arc is migrating back towards the
southwest and its present-day position. Oligocene to present sedimentary and volcanic

accumulations variably overlie the rocks previously deposited in the present-day forearc.

In order to reflect these migrations of the trench-forearc-arc-backarc system in the
study area, we propose a new tectonostratigraphic chart (Fig. II.2) and its associated map
(Fig. II1.3) in which we combine units that had previously been mapped separately. Apart
from the basement and the Carboniferous forearc deposits of the “Yamayo Formation”, we
choose to differenciate three periods of time: ~200-110 Ma, 110-45 Ma and 45-0 Ma. For
each of these periods, we distinguish rocks formed in plutonic, forearc, volcanic arc and
backarc contexts (Fig. II1.2 and III.3). To map the study area (Fig. III.3), we used the existing
geological maps at the 1:100,000 scale published by the INGEMMET, our own field

observations, satellite pictures available under Google Earth and SRTM data.
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Figure IIL.2: Tectonostratigraphic chart for southern Peru; left vertical corresponds to the
approximate stratigraphy on the coastline SE of Mollendo, right vertical to the supposed
stratigraphy under the present-day volcanic arc as exposed in Huambo area. Note the
migration of the forearc, arc (black dotted line), backarc system overtime. Arc deposits are
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(next page) Figure III.3: A. Tectonostratigraphic map of the study area revised from the
geological mapping by INGEMMET. B. Cross-section along the transect “ab” and
perpendicular to the main structural features. AS: Ayabacas Sole (basal decolement of the
Cincha Llutlla slump deposit); ASF: Agua Salada Fault System; CF: Cenicienta Fault; LFS:
Lluclla Faut System; HF: Huanc Fault; QF: Quinistacas Fault; RTFZ: Rio Tambo Fault Zone;
TF: Toran Fault. Colors are the same than in Fig. III.2. Grey hatched area corresponds to the
Cincha-Lluta slump deposit. Colors are the same than in Fig. II1.2.
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II1. 2. C - Structural style and major faults

The overall Arequipa region has been structured by large-scale extensional deformation
(Fig. III.3). The contact between the basement and the overlying succession is locally
stratigraphic but more generally an extensional detachment (Sempere et al., 2012; Boekhout et
al., 2013). In the northwestern part of the Arequipa belt, the Agua Salada and Lluclla normal
faults bound the LCH, where mostly Proterozoic metamorphic rocks and Mesozoic-
Paleocene plutons crop out (Fig. II1.3). About, 2.6 km WSW of the Cerro Verde open pit, the
Lluclla normal fault system separates basement metamorphic rocks from overlying strata of
latest Jurassic age (Fig. II1.3) deposited in the “Arequipa basin” (Geyer, 1983). The Agua
Salada normal fault separates Upper-Jurassic strata from the basement and Jurassic intrusions
at the NE of the LCH (Fig. II1.3). Northeast of the Agua Salada fault, the parallel Huanca
normal fault controls a half-graben where the continental Huanca Formation is preserved.
The Chachani, Misti and Pichu Pichu volcanoes appear to be standing along the footwall edge
of the Quinistacas normal fault, where metamorphic basement crops out (Fig. III.3) (James

and Brooks, 1976).

Other normal faults can be observed in the Majes and Tambo valleys (Fig. III.1), but are
covered beneath the Clemesi surface. Near Tordn, in the Majes valley, the local normal fault
dips ~40° to the NNE and places gently-dipping Late Paleozoic strata over the metamorphic
basement (a geometry commonly observed in the coastal area) (Fig. III.3). However, partial
inversion in the Neogene of this fault has resulted in a ~175 m offset of the Miocene/basement

contact and a local flexure of Miocene strata that dies out upsection.

Near Cerro Verde, the NE-trending Cenicienta normal fault (Fig. III.3) juxtaposes the
“Jurassic batholith” (composed by diorites and gabbros and dated at ~200-175 Ma; Demouy et
al., 2012) with its volcano-sedimentary counterpart (the ~215-180 Ma Chocolate and Socosani
formations; Boekhout et al., 2013). Given the contrast in original structural level between
these coeval units, the vertical offset on the Cenicienta fault is likely to be> 3 km.
Furthermore, this NE-trending fault is post-dated by the ~84-78 Ma-old Tiabaya pluton (Fig.
I11.4) and thus formed between ~175 and ~84 Ma (Sempere et al., 2002). Jurassic extension is
also documented in the Cantera Cayhua area (Fig. II1.4) by ductile deformation in Liassic
plutonic rocks, which on average is characterized by top-to-the-southeast shearing. These

observations are consistent with the Jurassic basin deepening to the southeast (Vicente, 1981).
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I11. 3 - STRATIGRAPHY OF THE AREQUIPA BELT

As stated above, we focus in this chapter on the Arequipa belt, this area includes numerous
accessible, diverse, and good-quality outcrops and therefore is an ideal location to study the
geological evolution of the present-day forearc of southern Peru. We hereunder compile data

from the literature and our own observation to present the geological evolution of this region.

III. 3. A - Basement.

In the Arequipa belt, the basement crops out, in limited areas, as metamorphic rocks in the
footwalls of the Agua Salada, Lluclla, and Quinistacas normal faults (the hanging walls consisting

of Mesozoic strata), making that most of its outcrops are located in the LCH (Fig. III.3).

I11. 3. B — Plutonic rocks

The basement and its Late Triassic to mid-Cretaceous cover are intruded by plutons that,
where dated, reflect two major pulses of emplacement, namely the ~200-175 Ma and ~90-62 Ma
intervals (Demouy et al., 2012). In the southeastern part of the study area, the Churajon quartz-
diorite unit (see location on Fig. II1.4) represents a minor pulse at ~160.5 Ma, but is thought to
have been emplaced into the coeval backarc (Demouy et al., 2012). The available geochemical
data indicate that at least both major pulses were emplaced in a magmatic arc whose source was
considered to be juvenile (Mamani et al., 2010; Demouy et al., 2012). These two pulses therefore
reflect that the subduction-related volcanic arc approximately coincided with the Arequipa belt
during the respective intervals, namely between ~200 and ~175 Ma on its migration toward the
southwest, and between ~90 and at least ~62 Ma on its migration toward the northeast (Fig.
II1.2). In the Arequipa belt, the ~200-175 Ma pulse built the “Liassic batholith” and, after a
magmatic lull, magmatism resumed abruptly at ~90 Ma and built the “Late Cretaceous

batholith” (which includes a few Early Paleocene rocks; Demouy et al., 2012).

Linga and Yarabamba plutons and magmatic flare-up. Southwest of Cerro Verde, the
Linga unit belongs to the “Late Cretaceous batholith”. It consists of a variety of plutonic rocks

ranging from minor gabbros to dominant diorites, tonalites and monzonites, and was emplaced
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into strata of Late Jurassic age that, at NE and SW, homogeneously dip 45° to the southwest. The
Linga unit has yielded so far a total of 11 zircon U-Pb ages (including a new age reported below;
Mukasa, 1986; Demouy et al., 2012). Eight of these ages range between 70.2 + 0.7 and 64.8 + 0.4
Ma, and the younger one is 61.6 + 0.4 Ma, all being distributed over much of the pluton. The
other two ages, respectively from its NE and SW borders, are 89.8 £ 0.7 and 87.1 + 1.0 Ma,
suggesting the main mass of the pluton was emplaced into a ~90-87 Ma-old intrusion and
probably split it. In what follows, we thus use the term ‘Linga unit’ to refer to the main magmatic

volume, which crystallized between ~70 and ~62 Ma, unless specified otherwise.

Northeast of the Linga unit, in the footwall of the Lluclla normal fault, i.e. in the LCH (Fig.
II1.1), the Yarabamba plutonic unit (Fig. II1.4) consists dominantly of diorites and intruded the
basement and Liassic strata. Yarabamba unit yielded five zircon U-Pb ages ranging from 67.4 +

0.7 to 62.1 £ 0.6 Ma (Mukasa, 1986; Demouy et al., 2012).

Taken altogether, the ages obtained on the voluminous and coeval Linga and Yarabamba
plutonic units document that the Cerro Verde area underwent a significant magmatic flare-up

between ~70 and possibly as late as ~62 Ma (Fig. II1.2; Demouy et al., 2012).

II1. 3. C - Late Triassic to mid-Cretaceous stratigraphic succession.

The Arequipa belt is characterized by a >3 km-thick Late Triassic to mid-Cretaceous
stratigraphic succession (Fig. III.3 and III.5), which in the northwest provides many of the
Mesozoic stratotypes for southern Peru (Benavides, 1962; Jenks, 1948; Vicente, 1981; Vicente et
al., 1982). The stratigraphic contact of this succession with the basement is only known in the
Cerro Verde area, where the volcanic to volcaniclastic Chocolate Formation (~215-185 Ma;
Boekhout et al., 2013) directly overlies metamorphic rocks (Sempere et al., 2012). In contrast
with the coastal belt, the Late Carboniferous—-Middle Triassic Yamayo Group thus appears to be
absent or of reduced thickness in the Arequipa belt (Fig. I11.2; II1.3 and III.5).

The Late Triassic to mid-Cretaceous succession in the Arequipa belt (Fig. I11.4) reflects the
presence of the subduction arc in this area during the Late Triassic and early Liassic (Chocolate
Formation) and its subsequent migration toward the southwest, which caused a marine backarc
basin to develop (Fig. III.2; Sempere et al., 2002). Facies and paleocurrent distribution indicates

that this arc apparently consisted of a discontinuous stringer of volcanic islands from ~215 to
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~90 Ma. The turning point at which the arc started to migrate backwards (i.e., toward the

northeast) is tentatively estimated to be ~130 Ma (Fig. I11.2).

A marine transgression developed in the backarc basin starting ~110 Ma, leading to the
deposition of a ~250-650 m-thick limestone unit, the Arcurquina Formation (Jenks, 1948), until
~90 Ma (Fig. III.2 and IIL.5; Callot et al., 2008). The persistence of thick and widespread
carbonate deposition between ~110 and ~90 Ma implies that the regional climate was hot and

dominantly arid during that time.

The Arcurquina marine limestones are overlain by the ~200 m-thick Querque Formation
(Fig. II1.5; Vicente et al., 1979) also locally known as the Chilcane Formation (Benavides, 1962).
This formation crops out only northwest of Yura (Fig. II1.4) and consists of fine-grained red beds
intercalated with few limestone strata and many thick evaporite beds, indicating that the regional
climate continued to be dominantly arid. One of the limestone beds yielded a Coniacian (~90-

~85 Ma) ammonite (Callot et al., 2008).

This rapid evolution from a backarc which had been predominantly marine since ~185 Ma
(Boekhout et al,, 2013) toward distal alluvial to shallow coastal environments (Fig. III.2),
indicates that a significant regression developed starting ~90 Ma (Jaillard, 1994; Callot et al,,
2008). This change was accompanied by a complete switch in basin polarity: whereas the backarc
had deepened toward the southwest until ~90 Ma, around this date it started to be fed from the
southwest with reddish, fine- to coarse-grained, volcaniclastic detritus (Callot et al., 2008). It has
to be noted that the Querque formation generally exhibits some deformation, because it either
suffered the abrupt emplacement of the overlying Late Cretaceous slump deposits, or was

involved in it.
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I11. 3. D - Late Cretaceous slump deposits.

The Late Triassic to mid Cretaceous succession described above is overlain by what has
been described as the ‘Ayabacas Formation’ (Callot et al., 2008). In the study area, this unit
appears to consist of a number of coalescent large-scale slump deposits (Fig. II1.5) that involve
deformed and/or fragmented masses of Late Jurassic to Late Cretaceous strata (Yura, Huanca,
and Huambo areas) or ~10-100 m-sized olistoliths of Upper Yura quartzarenites and mid-
Jurassic graywackes (Carahuaya area; Fig. II1.4). These deposits may apparently reach a total
thickness well in excess of 0.5 km and we suggest below that, in the Arequipa belt, they formed
during the ~84-77 Ma interval. However, they do not consist of one single gravitational collapse
event as the Ayabacas Formation of Callot et al. (2008), for this reason we will here refer to “the

Late Cretaceous slump deposits”.

I11. 3. E - Toquepala Group.

Southeast of ~71.7°W a >3 km-thick volcanic units crops out (Fig. III.3), the Toquepala
Group (Fig. III.5). It consists of a variety of volcanic and volcaniclastic rocks. Most lavas are
andesitic and altered, especially in its lower section, which remains undated. The Middle
Toquepala Group is characterized by coalescent, thick ignimbrites (Fig. 1II.4), on which we
provide below new ages, whereas its upper section hosts major porphyry copper deposits and
related rocks dated between ~62 and ~52 Ma (Clark et al., 1990; Quang et al., 2003; Simmons et
al., 2013).

Logical correlation with the plutonic data in the Arequipa belt suggests that the Toquepala
Group started to accumulate when plutonism resumed in the Arequipa belt i.e. ~90 Ma ago (see
section III. 3 E). This assumption implies that the Querque Formation, which is only known
northwest of Yura, is a time-equivalent of the lowermost Toquepala Group (Fig. I11.4), implying
in turn that Late Cretaceous slump deposits may have affected the lowermost Toquepala Group.
The Lower Toquepala Group indeed includes in the Gentilar section (Fig. I11.4) a ~30 m-thick

member characterized by slumped volcaniclastic strata, termed here the Gentilar slump deposit.
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II1. 3. F — Copper-bearing late volcanic systems.

Porphyry suites, including large copper deposits, occur in the LCH (Cerro Verde, Santa
Rosa) and its southeastern extension (Cuajone, Quellaveco, Toquepala) (Fig. I11.4). Moreover,
the remnants of a copper-bearing paleovolcano crop out at Cerro Negro, ~5 km ESE of Cerro
Verde (Table III.1; Fig. III.3 and IIL.6). It has to be noted that porphyries typically emplace
between 1.5 and 3-4 km beneath the top of (paleo)volcanoes, in magmatic conducts that
connect(ed) plutonic reservoirs with the surface of the volcanic arc (Sillitoe, 1973, 2010). It is
therefore noteworthy that, at the five localities mentioned above, the porphyries intrude plutons

that had formed slightly earlier and likely at a deeper structural level (Fig. II1.6; Table IIIL.1).
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Figure III.6: A. Cartoon cross-section illustrating the emplacement model for porphyries after
Sillitoe (2010). B. Satellite image of the Cerro Negro paleovolcanoe (16.548°S-71.556°W) and
localization of the different disponible ages. C. Sketch of the geological relationships in the Cerro
Verde mining district. No vertical scale. See references for ages in Table III.1

75



Cerro Cerro

Verde Santa Rosa Negro Cuajone Quellaveco Toquepala
Volcanic 52.6 + 1.4%
rocks (at or
near 57.0 £ 1.5**
paleosurface)
Porphyries 535205 543+0.6 543+0.6
(1.5-4 km 55.6+0.6 559+0.3
depth) 59.8 £ 0.6 56.2+0.7 56.8 £ 0.6
60.5 + 0.6 58.41 £0.5
Hydrothermal 61.8+0.7° 61.0+1.2° 524+ 1.7°
alteration 62.0 £ 1.1°
Intruded 62.1 £ 0.6 59.5+0.2 61.4+0.8
pluton (=3 643+05 64.2+0.9
km depth) 65.1 £0.8
Mukasa, Bidgood, Simmons et Sillitoe and .
Quang et 2000; al., 2013; Simmons et
References  1986; Quang Mortensen,
ot al. 2003 al., 2003  Demouy et Clark et al., 2010 al., 2013
’ al., 2012 1990

Table III.1: Published ages related to Late Cretaceous — Lower Paleogene magmatic activity in
the Arequipa Belt of southern Peru. All ages are U-Pb on zircon, except for: * = K-Ar age on K-
feldspar; ** = K-Ar age on sericite and ° = Ar/Ar age on sericite. See references for details.

In particular, in the Cerro Verde area, a subhorizontal erosional surface, the Santa Rosa
«pediment » of Quang et al. (2003), affects plutonic rocks as young as ~62 Ma and is covered by
volcanic rocks as old as ~57 Ma (Fig. III.6; Table III.1). This imply that at least 2 km of
exhumation occurred between ~62 and ~57 Ma. We also note that porphyry copper deposits
emplaced during this period of exhumation. In particular, northeast of Moquegua (Fig. I11.4),
copper-bearing porphyry suites show that volcanic systems were active as late as 53.5 £ 0.5 Ma
(zircon U-Pb age; Simmons et al., 2013) or 52.2 + 1.2 Ma (muscovite “Ar-"’Ar age; Clark et al.,
1990) (Table III.1), indicating that the volcanic arc was still located along the Arequipa belt at
that time. The arc subsequently left the Arequipa belt and rapidly migrated ~100-150 km to the
north (Fig. I11.2), where it generated the Andahuaylas-Yauri batholith (Perell6 et al., 2003). The
oldest dates obtained in this batholith are ~48 Ma (Perell6 et al., 2003; Carlotto, 2013). The
northward volcanic arc migration from the Arequipa Belt to the Adahuaylas-Yauri batholith in
Cuzco region occured between ~52 and ~48 Ma. It was most likely due to slab flattening (Clark
et al., 1990; Sandeman et al., 1995; James and Sacks, 1999; Carlotto, 2013). The arc remained in

this northern position between ~45 and ~31 Ma (Perell6 et al., 2003), started to migrate back
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southwestwards about 30 Ma ago (Mamani et al., 2010), and currently coincides with the
Western Cordillera. The Arequipa belt has therefore belonged to the Andean forearc since ~50
Ma (Fig. I11.2).

III. 3. G - Major regional unconformity.

The top of the Late Paleozoic to Lower Eocene age stratigraphic succession described
above is capped by an unconformity at least erosional and generally angular. The base of the
Moquegua Group that overlain the unconformity has been estimated to be ~50 Ma (Roperch et
al., 2006). This unconformity clearly post-dates the major extensional deformation episode
characterized by normal faulting and tilting (Fig. II1.3), which affected coherently the previous
succession, as young as ~60 Ma. This major unconformity thus expresses that significant

extensional deformation developed in the Arequipa region during the ~60-50 Ma interval.

III. 3. H - Moquegua Group.

All Cenozoic terrestrial forearc deposits of southern Peru, east of ~74.4°W, form the
Moquegua Group. Depending on the area, these mostly continental deposits overlie the
basement, Mesozoic sedimentary or plutonic rocks, and/or Toquepala volcanic rocks, locally
displaying (and generally implying) stratigraphic onlap. The Moquegua Group was deposited in
independent sub-basins and encompasses four units that are labelled “Moquegua A” to

“Moquegua D” and characterized as follows.
a - Lower Moquegua subgroup.

Because the “Moquegua A” (MoqA) and “Moquegua B” (MogB) units share a number of
features and were deposited in the same areas, locally without a clear discontinuity between
them, they are grouped here in the “Lower Moquegua subgroup” (MoqA+B). The 100-200 m-
thick MogA unit consists of dominantly fine-grained red beds, locally with gypsum. Its base, and
thus the base of the entire Moquegua Group, is a major discontinuity that we infer to be

diachronous.

The 150-250 m-thick MogB unit is coarser than the MoqA but highly variable in
lithology, depending on location in the sub-basins. Dominantly coarse conglomerates of fluvial
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origin laterally grade into reddish sandstones and siltstones deposited in apparently endorrheic

alluvial environments, locally including gypsum and/or aeolian sandstones.

Both the MogA and MogB units include very little to no bedded pyroclastic material and
therefore display a dominant reddish tinge. This scarcity of visible contemporaneous volcanic
material is likely to reflect that the coeval arc was located ~100-150 km to the north, and that it
generated almost no ignimbrites and pyroclastites significant enough to reach the study area
(although the Andahuaylas-Yauri batholith was clearly productive; Perell6 et al., 2003). However,
the base and top of the MogB unit are respectively dated at 44.5 + 0.4 Ma and 30.4 + 0.5 Ma from
tuff layers, albeit in distinct areas (**Ar-*Ar ages; Roperch et al., 2006 ). The age of the volcanic
event represented by the lower tuffite is thus similar to one of the oldest ages known in the
Andahuaylas-Yauri batholith. These age constraints allow calculating depositional rates for the

MogB unit in the 10-20 m/Myr range, but are likely to have varied in time and space.

Both units also commonly exhibit synsedimentary extensional features and therefore
accumulated during active normal faulting. Several outcrops show that these normal faults are
post-dated by the Moquegua C (MoqC) unit, which only rarely shows distributed extensional

features.
b - “Moquegua C” unit.

In contrast with the Lower Moquegua, the MoqC unit consists of dominantly tuffaceous
volcaniclastic strata and intercalated lacustrine deposits, pyroclastic beds, and large ignimbrite
flows, and therefore exhibits a dominantly whitish color. This 200-600 m-thick unit was
deposited over a significantly broader area than the MoqA+B. Its base is dated 30 Ma in the
Moquegua area and its top is markedly diachronous, ranging from ~23 to possibly ~13 Ma
(Sempere et al., 2004; 2014; Roperch et al., 2006). Depositional rates for the MoqC unit are

estimated to have been in the 40-70 m/Myr range, but are likely to have varied in time and space.
¢ - “Moquegua D” unit.

The “Moquegua D” (MogD) unit is distinct in that it accumulated after a period of marked
erosion (Fig. III1.2C and II1.3). It mostly consists of locally up to 300 m-thick conglomerates that
infill incised paleovalleys (especially in the Rio Tambo valley) and/or onlap over erosional
paleosurfaces (south and west of Arequipa); it also includes large ignimbrite flows and tuffs. Its
base is diachronous, locally as old as ~14 Ma but otherwise ~10 Ma; its top is slightly younger
than 4.9 Ma, and estimated to be ~4.5 Ma (Sempere et al., 2004; 2014). Depositional rates for the
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MoqD vary considerably with locality, and show a maximum value of ~60 m/Myr in the lower
Tambo valley. Except for pyroclastic deposition, erosion has apparently prevailed everywhere

since ~4.5 Ma.

IT1. 3. I - Huanca red beds.

In the northwest part of the study area and northeast of the Huanca normal fault, the
Ayabacas Formation is unconformably overlain by the ~2.5 km-thick, SW-dipping Huanca
Formation (Fig. II1.3). This markedly coarsening-upward unit is apparently devoid of volcanic
layers and includes (1) a ~0.3 km-thick basal member consisting of red mudstones, siltstones,
and sandstones, which rapidly grades laterally and vertically into (2) a ~2.2 km-thick main
member composed of conglomerates and minor coarse red sandstones. Clasts in the
conglomerates mostly consist of quartzarenites, limestones and altered andesites, but severely
weathered plutonic rocks appear in the uppermost part of the unit at Chilcane (Fig. III.4). Most
clasts are subrounded (to subangular) and their maximum diameter increases upwards to reach
sizes well in excess of 0.5 m (>1 m in the case of andesites). These conglomerates have long been
considered to represent syntectonic deposits of the early Andes, and traditionally thought to be
of Late Cretaceous (Vicente et al,, 1979; Vicente, 1989) or Paleogene age (Cruz, 2002). We
document below that the Huanca red beds are most likely a partial time-equivalent of the Lower

Moquegua subgroup.

III. 3. ] - Liquirca Formation.

In the same part of the study area, the Huanca red beds are unconformably overlain by a
~500 m-thick whitish unit of tuffaceous volcaniclastic deposits of very variable grain size.
Lacking a proper name and being undated, we refer to this unit as the Liquirca Formation and
document below that it is younger than ~18 Ma. The Liquirca and Huanca formations are

unconformably covered by the Ampato-Sabancaya volcanic plateau, of latest Neogene age.
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II1. 4 - SAMPLING

III. 4. A - Rationale and targets

A major issue emerges from the geology of the Arequipa region as reviewed above. It is
indeed striking that the magmatic arc flare-up reported between ~70 and ~62 Ma near Cerro
Verde (Demouy et al., 2012) was immediately followed in the same area by batholith exhumation
between ~62 and 57 Ma (Fig. II1.6). Moreover, regional extensional deformation characterized by
normal faulting and tilting affects coherently the stratigraphic succession below a regional
unconformity roughly ~60-50 Ma in age. Slightly after, the arc migrated northwards between ~52
and ~45 Ma. Because this close succession of events may document a causal chain and therefore
provide precise clues regarding the Andean evolution, targets in this study were identified on this
basis (Table II1.2). I focused on fission-track dating, and zircon U-Pb dating. The methods and

protocols used are detailed in chapter II and in appendices.

II1. 4. B - Sampling
a - Magmatic flare-up

In order to better define and understand the mentioned magmatic flare-up, we collected
for zircon U-Pb dating four samples of volcanic rocks (three from the ignimbrite-rich Middle
Toquepala Group, and one from a ~30 m-thick rhyolite dike emplaced in a normal fault).
Because the Linga unit emplaced during the flare-up, we addressed the issue of its cooling and
thermal impact in the area by collecting two samples, respectively taken from its northeast

(IM09) and southwest (1M25) borders for apatite fission-track dating.

b - La Caldera Horst

We sampled the LCH for fission-track dating, mainly at Mollebaya, Cantera Cayhua, and in the
Cerro Verde area (Fig. I11.4). Samples were collected at altitudes ranging from 1650 m (Cantera
Cayhua) to 2959 m (Churajén), but most of them are from elevations between 2125 and 2525 m
(Table II1.2). Samples included seven pre-Cretaceous rocks as well as two samples of Late

Cretaceous plutonic rocks older than 75 Ma (1M16, 1M24; Fig. I11.4). We collected these nine
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samples from rocks that pre-date the assumed flare-up development. Because no plutonic rocks
are known in the Yura half-graben northeast of the LCH, we sampled a rhyolite dike that

provided a tenth >75 Ma-old sample (1M23) for comparison with the other areas.

¢ — Huanca red beds

We collected four samples (1M28 to 1M31) along the ~2 km-thick Huanca section at
Cerro Carapunta (Table II1.2, Fig. II1.3) because we thought this unit could represent syntectonic
deposits of possible Late Cretaceous and/or Paleogene age. Additionally, ~42 km to the
southeast, at Chilcane, we sampled the very coarse uppermost part of the Huanca conglomerates
(Fig. 1I1.4) (this horizon lie ~2.5 km above the base of the unit). In this conglomerate, we
sampled the matrix (sample 1M20) but also similar-looking plutonic (dioritic) clasts with

diameter size >0.4 m and displaying intense weathering (sample 1M19).

We processed these six detrital samples for zircon U-Pb dating and zircon and apatite
fission-track dating, expecting apatites and zircons from the Huanca red beds to provide
information about the crystallization and exhumation history of their sources, as well as a proxy
for their time of deposition. Because this unit is <2.5 km-thick and was buried beneath <1 km of
younger strata, it seems unlikely that its fission-tracks in apatite were significantly annealed
during burial. Moreover, we observed no evidence of contact metamorphism or hot fluid
circulation at the sites we sampled. Furthermore, we sampled an ignimbrite located ~30 m above
the Liquirca/Huanca contact for zircon U-Pb dating in order to place a lower bound on the age

of the Huanca red beds.
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. ) structural . o o Elev. zU-

Sample Lithology Unit domain locality or area Lat.(®)  Long.(°) (m) Pb zft  aft
pre-Cretaceous rocks in La Caldera horst

1M14 metarenite basement LCH Cerro Verde area  -16.51331 -71.63135 2514 X X

17 P egrynl:;m basement LCH Mollebaya ~ -16.48177 -71.4617 2549 X

1IM18 metarenite basement LCH Mollebaya -16.4816 -71.46413 2522 X

IM15 gabbro Liassic mafic plutonic unit LCH Cerro Verde area -16.47991 -71.61873 2370 o X

IM21 foliated diorite  Liassic mafic plutonic unit LCH Cantera Cayhua -16.36188 -71.78576 1646 o X X

1M22 aplite dyke in dllxlzti Liassic LCH Cantera Cayhua  -16.36188 -71.78576 2975  x X

IM27  quartz-diorite Churajon laccolith LCH Churajon -16.67595 -71.34001 o X
~90-76 Ma magmatism

IM09  quartz-diorite base of Linga laccolith Linga graben  Cerro Verde area -16.55688 -71.44484 2480 o X

IM16  quartz-diorite  Late Cretaceous plutons LCH Cerro Verde area  -16.46333 -71.62493 2274 o X

1M23 dacite dyke in Chocolate Fm Y;Zb}:ﬂf' ~6km SW of Yura -16.28733 -71.73173 2380 o x

. 6 km SW of -

1M24 diorite Late Cretaceous plutons LCH Uchumayo 16.547026 -71.70082 2126 o X
~70-62 Ma magmatic flare-up (volcanic rocks)

1M34 rhyolite dyke in normal fault Linga graben 14.5km S of Chapi -16.84973 -71.29853 2302 «x

IM33  ignimbrite middle Toquepala Linga graben  10° ér}?aE?E of 1686699 -7128114 2086 x

IM37  ignimbrite atlocal base of middle 47 km ESE of Chapi -16.81929 -70.88352 2145  x

Toquepala
IM38  ignimbrite atlocal top of middle 45 km ESE of Chapi -16.81664 -70.88352 2256  x
Toquepala

Table III.2: Summary of all samples analyzed in this study. x, this work; o, literature



Table II1.2 (suite)

structural

Elev.

Sample Lithology Unit domain locality or area Lat.(®)  Long.(°) (m) Pb zft  aft
~70-62 Ma magmatic flare-up (plutons)
. : . . 2 km SW of
IM25  granodiorite top of Linga laccolith Linga graben s -16.54084 -71.79558 1707 x X
Reparticion
Huanca red beds and Liquirca Formation
red, mid- to
IM28  fine-grained ~0.Lkmabovebaseof  Huancahalf- o p oine 1588321 -72.09644 4055 x  x
Huanca Fm graben
sandstone
Mg  conglomerate  ~09kmabovebaseof  Huancahalf- o p i 1580084 7212676 4086 x X
matrix Huanca Fm graben
red coarse
1M30 sandstone WIT[h ~1:2 km above base of Huanca half- Cerro Parapunta  -15.89489 -72.13488 4144 x X X
conglomeratic Huanca Fm graben
layers
1M31 conglorn.erate ~2:0 km above base of Huanca half- Cerro Parapunta  -15.90835 -72.1454 4234 x X X
matrix Huanca Fm graben
~2.5? i
1M20 conglorn.erate 2.52 km above base of =~ Huanca half: Chilcane 1612189 -71.81254 2992  x «  x
matrix Huanca Fm graben
>30 cm-sized
' ~2.5? i
IM19 pluton.1c clasts 2.5¢2 km above base of =~ Huanca half: Chilcane 1612189 -71.81254 2992  x < <
in Huanca Fm graben
conglomerate
IM73+ o nimbrite ~30mabovebaseof  Huancahalf- o\ op errianca 1607003 -71.8352 3618  x X
3M1 Liquirca Fm graben

Table III.2: Summary of all samples analyzed in this study. x, this work; o, literature



ITI. 5 - RESULTS

III. 5. A - Overview

Zircon U-Pb, zircon fission-track, and apatite fission-track results obtained on
basement and magmatic rocks are presented in Tables II1.3, II1.4 and III.5, respectively; those
obtained on detrital grains from the Huanca red beds are displayed in Tables III.6, II1.7 and
I11.8, respectively. All ‘central ages’, ‘peak ages’ and ‘minimum ages’ (Galbraith and Laslett,
1993) reported below for fission-track results were calculated using RadialPlotter (Vermeesch,
2012, 2009) with logarithmic transformations. Peak fitting algorithm was set to automatic.

Reported uncertainties are 2s.

II1. 5. B - Latest Campanian-Danian magmatic flare-up

a - Volcanic rocks

The Gentilar section of the Toquepala Group exposes a ~430 m thick member
composed of coalescent ignimbrites (Figs. I11.4). We obtained zircon U-Pb ages of 73.3 £ 0.6
and 72.2 £ 0.9 Ma respectively on its lowermost and uppermost flows (samples 1M37 and
1M38) (Table III.3). An ignimbrite flow from the Middle Toquepala (sample 1M33) in the
Carahuaya area (Fig. I11.4) yielded a 69.4 + 0.9 Ma zircon U-Pb age (Table II1.3). Moreover, a
“Ar-*Ar age of 66.3 + 1.0 Ma on the groundmass of an andesite flow from El Jaguay, ~16 km

west of Moquegua has been obtained (F. Boekhout, pers. comm., 2014).

b - Rhyolite dike

Also in the Carahuaya area, a ~30 m-thick rhyolite dike (sample 1M34) intrudes a
normal fault that separates the Toquepala Group in the east from the local Carahuaya slump
deposit in the west. We obtained a zircon U-Pb age of 64.3 + 0.5 Ma on this rhyolite dike
(Table I11.3).
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¢ - Linga unit

We obtained a zircon U-Pb age of 68.7 + 0.6 Ma on a granodiorite (1M25) sampled at
the SW border of the Linga unit near Reparticion (Fig. II1.4 and Table III.3). The same sample
yielded an apatite fission-track central age of 57 + 12 Ma (Table III.5) with a mean D,, value
of 1.71 mm. This sample thus underwent rapid cooling from ~800° (assumed temperature of
crystallization) to ~100°C most likely between ~69 and ~57 Ma. At the base of the >6 km-
thick laccolith, a diorite (sample 1M09) dated at 89.8 + 0.7 Ma (zircon U-Pb age; Demouy et
al.; 2012) yielded an apatite fission-track age of 92 + 24 Ma, and a Dy.r value of 2.7 mm (this
study), suggesting that the rocks from sample 1M09 cooled rapidly from 800°C to ~100°C
likely around ~90 Ma.

I11. 5. A — La Caldera Horst

a - Mollebaya

Near Mollebaya, at 2525 m elevation and ~2 km southwest of the inferred extension of
the Agua Salada normal fault (Fig. III.4), we obtained an apatite fission-track age of 58 + 13
Ma with a mean Dy.. of 1.93 mm on a pegmatitic vein intruding Proterozoic amphibolites
(sample 1M17, Table II1.5). A metarenite located 260 m to the west (sample 1M18) yielded a
zircon fission-track age of 56 + 5 Ma (this study, Table II1.4). Although they were obtained on
nearby samples and on two minerals with distinct closure temperatures, these two ages are

indistinguishable.

b - Cantera Cayhua

At Cantera Cayhua, a foliated diorite (sample 1M21, Fig. II1.4) is cut by ~0.1 m-thick
subvertical aplite dikes (sample 1M22). We obtained a zircon U-Pb age of 176.0 + 1.2 Ma on
one of the aplite dikes (Table III.3). The diorite (sample 1M21) provided a zircon fission-track
age of 66 = 7 Ma (Table II1.4). Consistent apatite fission-track ages of 57 £+ 10 (Dy.r 2.13) and
59 + 13 Ma were obtained for the diorite and the aplite dike, respectively (Table III.5). This
indicates that the Cantera Cayhua area underwent cooling from ~300° to ~100°C between ~73

and ~46 Ma.
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Apparent ages (Ma)

Sample Lab  Lithology Unit Lat. Long. N ?2%Pb/**U +20 MSWD
IM22 LMV aplite dykein Liassic mafic ¢ 0100 7178576 16 1760 12 028
plutonic unit
1M25 LMV granodiorite top of Linga laccolith ~ -16.54084 -71.79558 6 68.7 06 018
1M33 UNIL ignimbrite middle Toquepala -16.86699 -71.28114 12 69.4 0.9 7.1
1M34 LMV rhyolite dyke in normal fault ~ -16.84973 -71.29853 30 64.3 0.5 0.35
IM37  UNIL ignimbrite °tlocaibaseofmiddle  ca50 7088350 17 733 0.6 48
Toquepala
IM38  UNIL ignimbrite 0 i0caltopofmiddle oo for 088352 o 722 09 49
Toquepala
o ~30 m above base of
IM73/3M1 UNIL ignimbrite -16.07003 -71.83520 12 16.5 0.3 5

"white strata" unit

Table II1.3: Zircon U-Pb ages. Age determination were performed with different settings in each laboratory, experimental
conditions are described in the supplementary materials.



¢ - Late Cretaceous, >75 Ma-old magmatism

We collected sample 1M24 at 2131 m elevation from a diorite in the western Tiabaya
unit dated at 76.7 + 0.4 Ma (zircon U-Pb age (Demouy et al., 2012); Table III.2), and obtained
an apatite fission-track age of 67 = 10 Ma (D, 2.56 pm). This indicates rapid cooling from
~800° to ~100°C most likely between ~76 Ma (crystallization age) and ~67 Ma. In the Tiabaya
eastern unit, we collected a quartz diorite (sample 1M16) dated 82.3 + 0.4 (Demouy et al,,
2012) which yielded a 73 + 23 Ma apatite fission-track central age.

a - Cerro Verde area

In addition of 1M16 we collected in the Cerro Verde area two other samples from
different units. A basement arenite, sample 1M 14, located ~1.4 km beneath the Lluclla fault
plane and currently at 2505m elevation yielded zircon and apatite fission-track ages
respectively of 53 + 10 and 37 + 9 Ma. Moreover, we collected at 2363 m elevation a gabbro
(sample 1M15) dated at 200.0 + 1.1 Ma (Demouy et al., 2012), it yielded a central age of 47 + 8

Ma zircon fission-track age.

b - Churajon

Although it is consistent with the ages reported elsewhere in the LCH, the apatite
fission-track age of 49 + 25 Ma obtained at Churajon on a quartz-diorite (sample 1M27) dated
160.5 + 0.8 Ma (zircon U-Pb age; Demouy et al., 2012) is poorly constrained as only four

grains could be analyzed.
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. o o P(x2) D  Pooledage Central age
Sample Unit Lat. (°) Long.(°) Elev.(m) N pd rse(pd) Nd (%) (%) (Ma) (Ma)
1M14 (MN) basement -16.51331 -71.63135 2514 29 215622 1.31 9115 0.84 23 53+9 53+ 10
1M18 (EH) basement -16.48160 -71.46413 2522 20 197600 1.25 10126 63 <<1 56 £ 5 56 £ 5
IM21 (BH) Hessiemafic oo lee 2178576 1646 21 200000 113 9115 94 <<l  66+7 66 +7

plutonic unit

Table I11.4: Zircon fission-track ages. Age determinations were performed by M. Noury (MN) with { = 128 + 9 and E. Hardwick (EH) with {=
174 + 3 for glass dosimeter CN1. N, number of grains counted; pd, dosimeter track density (fluence); rse(pd), relative standard error on
fluence; Nd, number of tracks counted to determine the reported fluence; P(x"2), probability that the single grain ages represent one
population; D, age dispersion. Pooled and Central ages are reported associated with 2o standards errors



Sample Unit Crystallization Lati:ude Longoitude Elevation N o rse(pa) U P(x%) D Pooled Central Mean
age ) ) (m) (ppm) (%) (%) age(Ma) age(Ma) Dy
1M09 balsjc‘;iﬁiﬂga 89.8£0.7Ma(d) -16.55688  -71.44484 2480 20 597455 129 897 35 22 88+20  92+24 27
1M14 basement ; 1651331 -71.63135 2514 16 642932 114 676 39 8 3749 3749 151
1M15 maﬁcuili‘itonic 2000+ 1.1 Ma(d) -16.47991  -71.61873 2370 20 597348 1.11 453 54 4 47+8 47+8 25
1M16 Latepchrlféicseous 823+04Ma(d) -16.46333  -71.62493 2274 10 633551 1.09 1179 57 35  69+15  73£23 238
1M17 basement ; 1648177  -71.4617 2549 19 597455 129 2076 81 <<1 58+13  58+13 192
1M21 maﬁcuili‘itonic Liassic (d) 1636188  -71.78576 1646 20 619568 111 1254 73 1 56£10  57+£10 213
1M22 dykgiionr iltl:m 1760+12Ma(n) -16.36188 -71.78576 2975 18 614966 1.15 1365 29 13  59+12  59+13 -
M2z ke inFCH}:OCOlate ~ 76 Ma (n) 1628733 -71.73173 2380 20 600582 123 1055 66 5 43+10  43+10 228
1M24 Latepchrlféicseous 76.7+0.4Ma(d) -16.547026 -71.70082 2126 20 605673 124 19.04 88 1 67+10 6710  2.56
1M25 toli Cocfoiit’;lga 68.7+£0.5Ma(n) -16.54084  -71.79558 1707 20 600983 131 12.84 2 27 56+10  57+12 177
1M27 iﬂ‘;ﬂi’}? 160.5+ 0.8 Ma (d) -16.67595  -71.34001 2975 4 586337 111 444 70 <<1 49+25 49425 -

Table III1.5: Apatite fission-track ages. All fission-track age determinations were performed by M. Noury with { = 254 + 12 for glass dosimeter
IRMMS540. N, number of grains counted; pd, dosimeter track density (fluence); rse(pd), relative standard error on fluence; U, mean uranium
content in the analyzed grains (in ppm); P(x/2), probability that the single grain ages represent one population; D, age dispersion. Pooled and
Central ages are reported associated with 20 standards errors. Sources for crystallization ages: (d) Demouy et al. (2012); (n) this study.



II1. 5. B - Yura half-graben

South of Yura and North of Cantera Cayhua, we obtained a zircon U-Pb age of 76.1 +
0.1 Ma and an AFT age of 43 + 10 Ma for a rhyolite dike (sample 1M23) that cuts across the
Chocolate formation (Fig. I11.3).

IT1. 5. C — Huanca red beds

a - U-Pb dating of detrital zircons

Kernel density (KD) plots of zircon U-Pb ages show that the age signal is composed of
different populations (Table II1.6 and Fig. III.8). The proportion of >500 Ma-old zircons
clearly increases upsection, while that of younger zircons decreases (except in the uppermost
sample 1M20, which yielded a younger population). Most of the grains are >220 Ma, except
for the uppermost and two lower samples where a 90-110 Ma component predominates.
Older peaks appear at ~250 Ma, ~600 Ma, 1.1-1.3 Ga, and 1.9-2.3 Ga. The youngest detrital
zircon U-Pb ages are found in the uppermost sampled horizon and cluster around 81.9 + 1.0
Ma. The dioritic clasts from the same horizon (grouped in 1M19) all yielded nearly identical

zircon U-Pb ages of on average 80.6 + 0.4 Ma.

b - Age of the base of the Liquirca Formation

We obtained a U-Pb age of 16.5 + 0.3 Ma on 13 zircon grains extracted from the
ignimbrite located ~30 m above the base of the Liquirca Formation (sample 3M1, Table II1.3),

which unconformably overlies the Huanca red beds.

¢ - Fission-track analysis of detrital zircons and apatites

Depending on the sample, the zircon fission-track age distribution shows 1 to 3
populations (Table II1.7). All samples yielded peak ages between ~62 and ~54 Ma except
1M31. However, in samples 1M28 and 1M31 the younger population peaks instead
respectively at 54 + 7 and 38 + 15 Ma. The proportion of zircon fission-track ages older than
110 Ma increases upsection (Table II1.7), excepting the uppermost sample 1M20 which likely
have different source area (Fig. I11.4).
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The distribution of apatite fission-track ages (Table II1.8) shows 1 or 2 age peaks in
each sample (Fig. I11.8). All samples (except 1M31) yielded a peak centered between 78 and 83
Ma, but the proportion of apatites with >100 Ma ages increases upsection (Fig. II1.8). The
uppermost sample 1M20 carries a signal younger than all other samples, with a peak age of 39

+ 10 Ma representing 33 % of the grains.

Excepting sample 1M31, apatite and zircon fission-track minimum ages are
increasingly younger upsection, as are zircon fission-track minimum ages (Fig. II1.8). These
minimum ages range from 41 * 15 to 92 + 13 Ma for apatites, and from 38 + 12 to 65 + 19 Ma
for zircons, which however appear systematically younger that the formers (Table III.7 and

I11.8).

In sample, 1M28, from ~100 m above the base of the Huanca Formation, the only
zircon fission-track age population peaks at 54 + 10 Ma (representing 84 % of all dated
zircons) and yields a minimum age of 37 + 16 Ma. The entire AFT age population forms one

peak at 83 + 10 Ma, but individual ages as young as 37 + 23 Ma were measured.

Sample 1M19, from the uppermost Huanca Formation, groups dioritic clasts that
yielded a consistent zircon U-Pb age of 80.6 + 0.4 Ma. These clasts yielded a zircon fission-
track age of 48 + 6 Ma, and AFT peak ages of 34 + 14 Ma (9 %) and 87 + 17 Ma (91 %). The
zircon and apatite minimum ages calculated for this sample are 48 + 6 and 51 + 10 Ma,

respectively.
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. stratigraphic Age
Lithol Lat. (° L (¢ A 9
ithology position at. (°) ong. (°) N range P1 P2 P3 P4 CA MA P(x*2) D (%)
red, mid- to fine- 1 1o bove base 103+1 131+2 1194+40 1956+46 179 101
1M2 i ) -15. 21 -72. 44 4 - 2 - - n n .
8 grained of Huanca Fm 5.883 72.096 78 94 - 300 (41%) (43%) (7%) (9%) +39 +2 << 0.01 95
sandstone
1M29 conglomerate  ~0.9 km above base 1589284 -72.12676 93 100 - 3422 109+ 1 59190i 1205+ 17 2247 +32 496 104 001 120
matrix of HuancaFm > e ) (5%) g (24%)  (20%)  £124 %2 <<
0
red coarse
sandstone with  ~1.2 km above base 164+5 6077 1210+12 2310+32 947 114
1M -15.894 -72.134 - .
30 conglomeratic of Huanca Fm >-89489 -72.13488 104 86 - 2897 (7%) (33%) (42%) (18%) +128 +7 <<0.01 68
layers
conglomerate  ~2.0 km above base 250+8 596+8 1147+12 2201+28 994 201
1M31 -15. -72.1454 101 158 - .
3 matrix of Huanca Fm 90835 7214540 101 158-3231 o)y (300)  (a1%)  (23%) 120 16 001 60
conglomerate  '0P Of the Huanca 84+1 252+5 5876 1308+13 565
1M2 Fm, ~2.5km (? -16.121 -71.81254 11 -2 N - - - 2+ .
0 matrix m 5 m (?) 6 89 -71.8125 6 79-2388 (14%) (10%) (35%) (40 %) +98 82 +2 << 0.01 94
above its base
>30 cm-sized top of the Huanca
IM19 plutonic clasts in Fm, ~2.5 km (?) -16.12189 -71.81254 74 78 - 86 80.6 +0.4 - - - 80.6 04 MSWD =0.94
conglomerate above its base

Table III.6: Detrital zircon U-Pb ages. All ages determinations were performed by J.-L. Paquette at Laboratoire Magmas et Volcans
(Clermont Ferrand). N, number of grains analyzed; P1, P2, P3 and P4 are the population peaks, CA the central age and MA the minimum
age calculated using RadialPlotter (Vermeesch, 2012); P(x"2), probability that the single grain ages represent one population; D, individual
grain age dispersion. All ages are reported associated with 20 standards errors. The bracketed percentages in the P1 to P4 columns indicate
the proportion of the total population belonging to this peak.



Figure II1.7: Kernel density plots (Vermeesch, 2012) of zircon U-Pb ages obtained on the matrix of conglomerates from the Huanca basin



. stratigraphic o o Age D
. . A MA
Lithology position Lat. (°) Long. (°) range P1 P2 P3 C (%)
red, mid- to
’ ~0.1 km above base - 12 - 57 + 10
-grai -15. - - + * 2
1M28  fine-grained of Huanca Fm 15.88321 79 09644 68 258 (100%) 56 £7 50+ 9 3
sandstone
red coarse 169 +
sandstone with  ~1.2 km above base - 31 - 62+18 -
-15. - +1 +2 4
1M30 conglomeratic of Huanca Fm 1589489 72.13488 100 1210 (25%) (7?;?/) 1816 6520 7
layers °
38 £ 120 +
1M31 Conﬂztmﬂf:ate szflilr?l:r?::;rzase 1590835 . o 100 i?) g 15 - 26 91+13  48+12 53
' (16%) (84%)
top of Huanca Fm, 153 +
conglomerate X - 10- 18+8 60+14 . .
~2. ¢ -16. + + 12
1M20 matrix 2.5 km (?) above -16.12189 71.81254 69 796 4%)  (52%) 48 79+ 14 38 56
its base (44%)
;ﬁ?ﬁiﬁi top of Huanca Fm, i 30-  48+6
~ ? - N - + +
1M19 n 2.51.<m(.)above 16.12189 71.81254 53 108 (100%) 48 +6 48 +6 0
its base
conglomerate

Table II1.7: Detrital zircon fission-track ages. All age determinations were performed by M. Noury with { = 128.42 + 8.86 for glass dosimeter
CN1. N, number of grains counted; P1, P2 and P3 are the population peaks, CA the central age and MA the minimum age calculated using
RadialPlotter (Vermeesch, 2012); D, individual grain ages dispersion. All ages are reported associated with 20 standards errors. All samples
failed the y* test with P(x*)=0. The bracketed percentages in the P1, P2 or P3 columns indicate the proportion of the total population
belonging to this peak.



. stratigraphic o o Age D
. . MA
Lithology position Lat. (°) Long. (°) range P1 P2 CA (%)
red, mid- to fine- ~0.1 km above base 37 - 83+ 10
’ -15. -72. + +11 12
1M28 grained sandstone of Huanca Fm 1588321 -72.09644 100 304 (100%) 83+6 79
~0.9 km above base 45 - 78+ 9 184 +
i -1o. -/2. + + 2
IM29  conglomerate matrix of Huanca Fm 15.89284 -72.12676 100 283 (94%) 66 (6%) 83+6 77x6 0
red coarse sandstone
. ) ~1.2 km above base 32 - 81+10
- - + +
IM30  with conglomeratic of Huanca Fm 15.89489 -72.13488 93 886 (100%) 84+8 6217 26
layers
2.0 km above base 47 - 100+ 101 +
IM31  conglomerate matrix ) -15.90835 -72.1454 59 16 - 92+13 17
of Huanca Fm 626 14
(100%)
IM20  conglomerate matrix tf)zljsliilﬁ?;abg: 1612189 -71.81254 39 207 39EI0 8016 oo hh 41115 33
5 A ‘ ‘ 269 (33%)  (67%) -
its base
. . top of Huanca Fm,
>30 cm-sized plutonic 23-  34+14 87%17
~ ¢ - - + +
1M19 clasts in Conglomerate 2.5 km (?) above 16.12189 -71.81254 24 312 (9%) (91%) 81+16 51+20 33

its base

Table II1.8: Detrital apatite fission-track ages. All age determinations were performed by M. Noury with { = 254 + 12 for glass dosimeter
IRMMS540. N, number of grains counted; P1 and P2 are the population peaks, CA the central age and MA the minimum age calculated
using RadialPlotter (Vermeesch, 2012); D, individual grain age dispersion. All samples failed the x> test except 1M28 and 1M31 (P(x*) =
0.35 and 0.58 respectively). All ages are reported associated with 20 standards errors. The bracketed percentages in the P1 or P2 columns
indicate the proportion of the total population belonging to this peak.
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Figure II1.8: Radial plots and computed central, peak(s) and minimum ages (in grey) of apatite and zircon fission-track analyses carried on the
Huanca red beds sediments.



II1. 6 - DISCUSSION

The observations and data presented above highlight a three-step evolution of the arc in
the Arequipa belt, which apparently followed a simple, logical succession: an initial stage of
arc growth (~90-74 Ma) gave way to a flare-up of the arc (~74-62 Ma), which in turn was
followed by its extensional collapse (~62-52 Ma). We furthermore show that extensional

conditions persisted in the region during the ~52-30 Ma interval.

II1. 6. A - Initial stage of arc growth: ~90-74 Ma

a - Magmatic record

Zircon U-Pb ages by Mukasa (1986) and Demouy et al. (2012) and this study outline
the growth history of the arc along the Arequipa belt (Fig. II1.9). Initial pulse is documented
by two zircon U-Pb ages from the SW and NE of the Linga unit (samples 1M25 and 1M09),
which define a ~90-87 Ma interval. The oldest age close to the LCH, 89.8 + 0.7 Ma (Demouy
et al., 2012), is only slightly younger than a 90.7 + 0.2 Ma age obtained for a granite located in
Quebrada Guaneros (Boekhout, pers. comm., 2014) ~30 km southwest of the inferred
extension of the LCH (Fig. II1.3), suggesting that establishment of the arc in the LCH and
initiation of arc growth occurred close to 90 Ma. This 90.7 Ma granite intrudes the Lower
Toquepala and implies that the base of the Toquepala Group is older than ~91 Ma in the
southwest. The Lower Toquepala Group is thus likely diachronous from SW to NE reflecting

the migration of the arc during the Upper Cretaceous.

In the LCH, the Tiabaya-SE and Tiabaya-NW plutons (Fig. III.4)(Demouy et al., 2012)
yielded seven ages. They define a second, longer and more voluminous “Tiabaya pulse’ during
the ~84-76 Ma interval (Fig. II1.9). The rhyolite dike dated at 76.1 £ 0.1 Ma in the Yura half-
graben, and the diorite clasts in the upper Huanca conglomerates dated at 80.6 + 0.4 Ma near

Chilcane, may also be ascribed to this magmatic pulse.

97



Flare-up

% ~74-62

o° 4 —

0

o

)

c 3 —

§ Tiabaya pulse

N, ~84-76

o

o)

Qo

E 1 — Porphyry

> deposits

0 (n=40)
— @EENOTDCO WO 0000 00

|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
0 25 50 75 100 125 150 175 200 225 250

Time (Ma)
Figure II1.9: Histogram and kernel density estimate (black line) for all the zircon U-Pb data
available on plutonic and hypo-volcanic rocks in the Arequipa region of Southern Peru (from
Mukasa, 1986; Demouy et al., 2012 and this study). The different magmatic “pulses”
mentioned in the text are labeled.

b - Stratigraphic record

Continentalization of backarc. Invasion of the marine Peruvian backarc basin by
reddish detrital material derived from the west began in the latest Turonian, i.e. ~90 Ma
(Jaillard, 1994). In southern Peru, this change is marked by the sharp contact between the
Albian to Turonian Arcurquina limestones and the overlying Querque red beds and
evaporites (Fig. II1.2 and IIL.5). Because a limestone bed in the Querque Formation yielded a
Coniacian ammonite (Callot et al., 2008), this marine regression also occurred at ~90 Ma in

the Arequipa belt. Thus, this regression coincided with the onset of arc growth in the LCH.

Large slump deposits. Our mapping and observations require revising aspects of Callot
et al’s (2008) conclusions about the ‘Ayabacas Formation’. In the Arequipa region, our
recognition of large-scale slump deposits of varied lithologies in distinct areas show that this
unit does not consist of one single giant gravitational collapse but more likely of several events
affecting different portions of the margin. The Carahuaya mass-wasting deposit (Fig. 111.4),
for instance, overlies stratified mid-Jurassic graywackes, which are also found as olistoliths

within it, unlike the typical Ayabacas Formation of Callot et al. (2008).
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Cincha-Lluta slump deposit. In the Yura half-graben, the sliding sole of this slump
deposit was previously described as “the Cincha-Lluta overthrust” (Vicente et al., 1979;
Vicente, 1989) but our observations and mapping rule out that this surface and the
deformation in the overlying mass are of strictly-speaking tectonic origin. Indeed, the slump
deposit exhibits a marked asymmetry in its composition, as it consists of broken and tilted
large-size blocks of bedded Upper Yura quartzarenites in the southwest, and of folded and
faulted mid-Cretaceous limestones and Coniacian red beds (the Querque Formation) in the

northeast (Figs. II1.2 and IIL.3).

The Cincha-Lluta slump deposit overlies and involves the Querque Formation in the
northeastern exposures, implying it is younger than this unit. The plastic deformation style
observed in some Querque and Arcurquina strata involved in the slumps imply also that these
formations were not completely lithified before the mass-wasting event (Callot et al., 2008).
We can thus approach the age of the Cincha-Lluta mass-wasting event by estimating the age
of the top of the Querque Formation (Fig. II1.5). This latter unit is best exposed in the Cerro
Carapunta section (Fig. III.4) where it is ~200 m-thick, whereas the Arcurquina Formation is
~650 m-thick there. As this latter unit accumulated during the ~110-90 Ma interval, we can
estimate depositional rates of ~32.5 m/Myr in the area. Assuming a similar rate for the
Querque Formation allows to estimate that its top is ~84 Ma. The age of the Cincha-Lluta

mass-wasting event could therefore be ~84 Ma or younger.

Gentilar slump deposit. At Gentilar (Fig. II1.4), the ~1.65 km-thick Lower
Toquepala Group exhibits a >30 m-thick member characterized by slumped volcaniclastic
strata, about ~400 m below the 73.6 + 0.6 Ma basal ignimbrite of the Middle Toquepala (this
study, table III.3 and Fig. III.5). We can calculate an average accumulation rate of ~100
m/Myr for the Lower Toquepala assuming that the base of the Lower Toquepala Group is ~90

Ma, and thus estimate an age of ~77.5 Ma for this slump event.

Age and cause of slump events. Although they are approximate, our two estimates
for Cincha-Lluta and Gentilar slump deposits bracket the Late Cretaceous mass-wasting
events in the Arequipa belt of southern Peru to the ~84-77 Ma interval. This period coincides
with arc growth (Fig. I11.9) and, in particular, with the Tiabaya pulse of pluton emplacement.
Moreover, the sedimentary compositional asymmetry of the Cincha-Lluta deposit is best

explained having been derived from the southwest, where the growing arc was located. This

99



suggests that increasing slopes along the flanks of the growing arc may have destabilized its

stratified cover, triggering large-scale mass-wasting directed away from the arc.

II1. 6. B — Arc flare-up: ~74-62 Ma

Demouy et al. (2012) recognized that a magmatic flare-up occurred in the Cerro Verde
area during the latest Cretaceous and earliest Paleocene, on the basis of zircon U-Pb dating of
plutonic rocks in the Linga and Yarabamba units (Fig. I11.4). Our own approach has been to
identify and date volcanic products generated by the flare-up, and to assess its effects on

country rocks in the Cerro Verde area.

a - Volcanic record

The ignimbrite member of the Middle Toquepala Group (Fig III.5) documents the
initiation of the flare up event in the Arequipa belt. Considerable volumes of coalescent
ignimbrites emplaced during this event. Here, we dated at Gentilar its base and top
respectively at 73.3 £ 0.6 and 72.2 + 0.9 Ma (Table IIL.3). It has to be noted that these two
samples are separated by ~430 m of ignimbrites, which thus erupted in 1.1 + 1.5 Ma. The two
other zircon U-Pb ages (Table III.3) obtained in the Carahuaya area on an ignimbrite in the
Middle Toquepala (69.4 + 0.9 Ma - sample 1M33) and a ~30 m-thick rhyolite dike (64.3 + 0.5
Ma - sample 1M34) fall in the range of those obtained on the Linga and Yarabamba plutons
(Demouy et al., 2012) as the 66.3 £ 1.0 Ma *’Ar-*Ar age on the groundmass of an andesite
flow from El Jaguay (Fig. 4) (Boekhout, pers. comm., 2014). These five new ages thus
represent volcanic counterparts of the plutonic flare-up initially recognized in the Linga and
Yarabamba units (Fig. II1.9). This observation confirms that production of large ignimbrite
volumes generally reflects emplacement of a large plutonic body at depth (de Silva and

Gosnold, 2007; Ducea, 2001).
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b - Plutonic record

Emplacement timing. The oldest “flare-up” crystallization ages available from the Linga
pluton, namely 70.2 + 0.7 Ma (Mukasa, 1986), 68.7 + 0.5 Ma (Demouy et al., 2012), and 68.7 +
0.6 Ma (this paper) are younger than the zircon U-Pb ages obtained on ignimbrites produced
by the flare-up (see above the section “volcanic record”). The simplest explanation of this
offset is that abrupt invasion of voluminous magma at depth first caused ignimbrite eruptions,
whereas crystallization in underlying thick magma bodies was somewhat delayed. Moreover,
the available zircon U-Pb ages indicate that the main part of the plutonic rocks from the Linga

and Yarabamba units crystallized between ~70 and ~64 Ma (Fig. II1.9).

Volume of intrusion. Based on the shapes of 125 laccoliths, and 21 granitoid plutons,
McCaftrey and Petford (1997) proposed the following empirical power-law linking the width
(L) and the thickness (T) of intrusives bodies: T = 0.12*L°%® for laccoliths and T = 0.29*L°% for
plutons. Considering that the Linga unit is 45 km-long in map-view, it emplaced as a ~3.4 to
~6 km-thick body. If we assume that it was an ellipsoid shaped body of at least 10 km-wide, it
implies that 800 to 1500 km’ of magma were emplaced to form the sole Linga unit. Adding the
Yarabamba unit, 20 km-long, we obtain at least, 1000 km’ of magma emplaced in 8 Ma (that is
to say 125 km’/Ma).

Depth of intrusion. The Linga unit was emplaced into quartzarenites and shales of
latest Jurassic age. We estimate that the Late Jurassic to mid-Cretaceous sedimentary pile
overlying the unit was no more than 0.5 km. Late Cretaceous volcanic strata, namely the
Lower Toquepala Group, must have accumulated also because the arc was located along the
LCH (Tiabaya units). The Lower Toquepala being generally ~1.5 km-thick in the region, we
thus estimate that the Linga unit was emplaced ~2 km beneath the arc surface. This seems to
be confirmed by preliminary Al-in-hornblende thermobarometry analyses (Demouy, pers.
comm., 2014). Considering a geothermal gradient between 40 and 50°C/km for this arc
(present-day average values for the Cascade volcanic range; Blackwell et al., 1990),

temperature at this depth before intrusion must have been in the 80-120°C range.

Cooling of the Late Cretaceous batholith. Excepting sample 1M24 from a ~77 Ma
granite (Demouy et al., 2012), the three other samples from the Late Cretaceous batholith
(IM09, 1M16 and 1M25; Table II1.5) yielded dispersed single grain ages. Due to low uranium

content in these samples (Table III.5), we were not able to measure lengths of horizontal
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confined tracks. However, we measured Dy.., a proxy of the grain chemistry and annealing
rate (Donelick et al., 2005). There is no correlation between the measured single grain ages
and Dy... The dispersion is thus not due to differential annealing rates between apatites grains
of different compositions but more likely to a rapid initial cooling followed by a long
residence time in the partial annealing zone of the apatite. This interpretation of the apatite
fission-track single grain age dispersion is coherent with our estimation of the temperature at
the depth of the intrusion. The fact that the sample 1M09 from a diorite that crystallized at
~90 Ma, before the flare up, yielded a 92 + 22 Ma age reveals that the Late Cretaceous
batholith (emplaced between ~74 and 62 Ma) had neither a far-reaching nor a lasting thermal

effect on the country rocks.

II1. 6. C - Extensional collapse of the arc: ~62-52 Ma (~10 Myr)

We have seen above that important volumes of magma emplaced during the 74-62 Ma
period (Fig. II1.9). These magmas have e Hf values coherent with an input of mantle-derived
magmas (Mamani et al,, 2010; Demouy et al., 2012). Moreover, based on geological and
geochemical data, Mamani et al. (2010) argue that crustal thickening began at ~90 Ma.
Indeed, according to these authors, during the 310-90 Ma period, low Dy/Yb, Sm/Yb and
7Sr/*Sr ratios associated with high eNd values suggest that the crust was thin, confirming the
tectonic stretching of the margin previously identified by Sempere et al. (2002). However, a
slight increase in Dy/Yb, Sm/Yb and *Sr/*Sr ratios associated with lower eNd values starting
~90 Ma was interpreted as reflecting incipient crustal thickening of the present-day forearc
crust (Mamani et al., 2010). Thus, the magmatic flare-up recorded in the Arequipa belt during
the 74-62 Ma must have contributed to thicken the crust, transferring mantle-derived material
to the upper crust. Now, any crustal growth beyond a stability threshold is expected to end in
gravitational collapse, and our mapping shows that the overall structure displayed by the

Arequipa belt is markedly of extensional origin.

We hereunder investigate the timing of extension in the LCH because the main axis of
the subduction arc is likely to have been located along the LCH (and its SE extension) during
the ~90-52 Ma interval. Indeed, the LCH exposes the structurally deepest rocks known in the
Arequipa belt (Fig. II1.2). Moreover coeval plutonic to volcanic rocks concentrate along this
central feature bounded by the major Lluclla and Agua Salada normal faults.
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a - Exhumation in the LCH: ~62-57? Ma

Magmatic record and age of exhumation. In the Cerro Verde open pit, the quartz-
monzonite porphyry related to the copper deposit yielded U-Pb ages of 60.5 + 0.6 and 59.8 +
0.6 Ma on fine and coarse zircon fractions, respectively (Mukasa, 1986). Furthermore, a
pyroclastic dacite and a porphyric rhyolite dike from the Cerro Negro paleovolcano yielded
K-Ar ages of 57.1 + 1.5 Ma (on sericite) and 52.6 + 1.4 Ma (on K-feldspar) respectively
(Bidgood, 2000). This paleovolcano directly sits on the Santa Rosa “erosional pediment”
(Quang et al., 2003) established on the Yarabamba plutonic unit, which yielded zircon U-Pb
ages of 64.3 £ 0.5 (Demouy et al.,, 2012) and 62.1 £+ 0.6 Ma nearby (Mukasa, 1986; Fig. I11.6).
Such relationships imply that the Cerro Verde area underwent rapid exhumation during an
interval of time bracketed by the youngest age obtained on the Yarabamba unit (62.1 + 0.6

Ma) and the oldest age available from the overlying volcanic rocks (57.1 £ 1.5 Ma).

Estimating that the Yarabamba unit was emplaced at least at 2-3 km depth until ~62
Ma and was cropping out at ~57 Ma around the Cerro Negro paleovolcano, the exhumation
rate must have been at least in the 0.4-0.6 km/Myr range. Although this estimate can only be
rough due to the uncertainties on the initial depth of the Yarabamba pluton and on the
duration of denudation it points to rapid exhumation in the LCH around ~60 Ma. Moreover,
it K-Ar ages on sericite and K-feldspar are partially reset, real crystallization dates could be

older and exhumation rates much higher.

Insights from in-situ fission-track data. In the LCH, three zircon fission-track ages
were obtained on pre-Cretaceous rocks (sample 1M14, 1M18 and 1M21; Table II1.4) and have
in average an age of 58 + 8 Ma. The seven apatite fission-track ages obtained in the same
structural area (we exclude Linga unit, located in the Lluclla fault hanging wall) have on
average an age of 55 + 16 Ma (Table IIL.5). This smoothing of our data set thus results in mean
zircon and apatite fission-track ages that point to the LCH having been rapidly cooled from
~240°C to ~50°C during the ~58-55 Ma interval, in good agreement with the ~60 Ma age of
exhumation deduced from the geological relationships near Cerro Verde (Fig. II1.6). Because
erosion was low due to the arid climate (Hartley et al., 2005), Late Cretaceous to early Tertiary
rapid cooling of rocks from the LCH was likely the effect of extensional exhumation. We note
also that the 43 + 10 Ma apatite fission-track age of sample 1M23 in the Yura half-Graben, is

relatively young when compared to apatite fission-track ages in the LCH, confirming that the
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rocks buried in the Yura half-graben cooled later than the LCH.

b - Emplacement of porphyry copper deposits: ~61-52 Ma

Porphyry emplacement at 60.2 + 0.8 Ma at Cerro Verde (Mukasa, 1986), appears to
have coincided exactly with the onset of extensional exhumation in the same area.
Furthermore, the fact that other porphyry suites along the southeast extension of the
Arequipa belt, namely Cuajone, Quellaveco, and Toquepala (Fig. III.4), also intrude plutons
which had crystallized slightly earlier (Sillitoe and Mortensen, 2010; Simmons et al., 2013) and
likely at a deeper level, imply that porphyry suites were all emplaced during the extensional
collapse of the arc to which these volcanic systems were belonging. One may therefore wonder
whether a causal link existed between the arc flare-up and subsequent collapse, which we

document here, and the formation of these large porphyry copper deposits.

III. 6. D - A simple causal chain involving crustal thickening

Although the observation of outcropping plutonic volumes does not allow assessing
correctly the amount of crustal thickening generated by arc magmatism, the succession of the
three stages reconstructed in the Arequipa belt (Fig. II1.10) does shed light on this issue. We
observe that initial magmatic growth of the arc caused an increase in topography, and
therefore some thickening of its crust, as reflected by transportation of oxidized detrital
material from the arc into the backarc (terminating marine conditions) and subsequent large-
scale mass-wasting away from the arc (Fig. II.2 & II1.10). The flare-up that followed indicates
that magmatic production and therefore growth increased with time, which suggests that the
crust continued to thicken during this stage. Any protracted arc growth is logically expected
to end in gravitational collapse if the arc crust is overthickened beyond a stability threshold,

and we indeed observe that extensional collapse closely followed the magmatic flare-up.

The case here documented in western South America is consistent with at least one case
from western North America. In California, Kidder et al. (2003) reconstructed that magmatic
activity in the Mesozoic arc was especially intense during the 93-81 Ma interval, coinciding
with crustal thickening. The termination of magmatism between 81 and 76 Ma was

immediately followed by exhumation, coinciding with extensional collapse along the arc and
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bringing deep rocks to the surface within 8 Myr at a very high, >2-3 km/Myr rate. We
therefore propose that a 3-step evolution of growth—flare-up—collapse (Fig. I11.10) may be

characteristic for the evolution of many arcs world-wide.

I11. 6. E — Persistence of extension in the forearc: ~52-30 Ma

a - Northward arc migration: <52->45 Ma

We have shown that the arc was located along the Arequipa belt until at least ~52 Ma
(Fig. II1.10), and ~150 km more to the north starting at least at ~45 Ma, meaning that the
implied migration occurred during a <7 Myr-long interval. The extensional collapse in the
Arequipa belt could not be a consequence of this northward migration because in the Cerro
Verde area it was initiated between ~62 and ~60 Ma and was already significant by ~57 Ma.
However, this migration of the arc resulted in the Arequipa belt being located in the Andean

forearc after ~50 Ma, a context favorable to protracted extensional deformation.

b - Moquegua Group

Basal age. The conspicuous extensional deformation of pre-Cenozoic rocks that
characterizes the current forearc is post-dated by the Moquegua Group (Fig. III.2 and IIL.5).
Given that there is no volcanic evidence that the lower part of this group was deposited during

the late activity of the Toquepala arc, it is unlikely that its base is older than ~52 Ma.

Placing the base of the Moquegua Group at ~52 Ma results in an average depositional
rate of ~30 m/Myr for the MoqA unit, which is consistent with rates calculated for the MoqC
unit in the region. However, this value is 2-3 times the average rate estimated for the MogB
unit, which suggests that subsidence and thus extension were more intense during the MogA

(compared to MogB) depositional period, i.e. between ~52 and ~45 Ma.
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Syndepositional extension and subsequent evolution. It has to be noted that some
synsedimentary extensional features are commonly observed throughout the Lower
Moquegua subgroup, i.e. from ~52 to 30 Ma. It indicates that the forearc SW of the Lluclla
fault was submitted to continuous extension over ~22 Myr. The fact that these extensional
features are post-dated by the MoqC unit reflects that some change in tectonic regime

occurred ~30 Ma ago.
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Figure II1.10: Transversal schematized stratigraphy summarizing the main events affecting the
forearc of southern Peru.
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¢ - Huanca Formation

All strata in the Huanca Formation are younger than ~84 Ma, as this unit overlies the
Querque Formation and Cincha-Lluta collapse, and are older than the overlying Liquirca
Formation. The Huanca Formation dips 25-45° to the southwest toward the Huanca fault. In
contrast, the overlying Liquirca Formation gently dips to the northeast by ~10-15° near its
base and displays a growth-strata geometry. This geometry implies that the Huanca
Formation was dipping by ~35-55° toward SW prior to accumulation of the Liquirca
Formation. Growth strata geometry in this latter unit implies that its tilting toward the NE
was synsedimentary and due to a SW-dipping fault, likely located at the foot of the present-
day volcanoes. We hereunder investigate the age of these deposits in order to better constrain

the age of these formations and the period of extension.

Age constraints from detrital grains. The time of deposition of a bed is necessarily
younger than the time of initial crystallization and cooling of its individual detrital grains. In
the absence of later thermal resetting, ages obtained on detrital zircons and apatites provide
chronostratigraphic constraints. Therefore, either the minimum age as defined by Galbraith
and Laslett (1993) for fission-track ages of each sample can be used to infer the time of

deposition, or the youngest individual grain age in each sample can be used.

Lowermost sample. The three youngest U-Pb ages obtained on detrital zircons
from sample 1M28, from ~100 m above the base of the Huanca Formation, are 94.4 + 3.6, 94.8
+ 3.6, and 96.3 + 3.5 Ma. In contrast, the ZFT age population peaks at 57 + 10 Ma and yields a
minimum age of 50 + 9 Ma (Table II1.7). The entire AFT age population forms one peak at 83
+ 10 Ma (Table II1.8). As apatite fission-track ages are systematically older than zircon fission-
track ages, these data imply that fission-track in apatite and therefore zircon have not been
affected by a post-depositional thermal imprint in the lower part of the Huanca Formation.
Given the zircon fission-track ages, Huanca Formation cannot be of Cretaceous age,
confirming Cruz’s conjecture (2002). Considering the 50 + 9 Ma zircon fission-track
minimum age peak, and in the absence of ash or fossils in the sampled strata, we propose that
the Huanca Formation began to accumulate approximately at the same time as the Moquegua

Group, i.e. starting ~52 Ma.

Uppermost samples. Samples 1M19 and 1M20 were collected in the same horizon

near the top of the Huanca Formation. The diorite clasts of sample 1M19 have an
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homogeneous average zircon U-Pb age of 80.6 + 0.4 Ma (Table III.6) and a zircon fission-
track peak age of 48 + 6 Ma (Table III.7), whereas the youngest apatite fission-track age
population (9% of the grains) peaks at 34 + 14 Ma, resulting in a 51 + 20 Ma apatite minimum
age peak (Table III.8). Taking into account the reported uncertainties, these data imply that
the upper part of the Huanca Formation was deposited after ~48 Ma, and possibly as late as

the Upper Eocene (considering the younger apatite fission-track single grain ages population.

The Huanca Formation and the Lower Moquegua subgroup thus now appear to be
time-equivalents (deposited in the ~52-30 Ma period). This is consistent with the fact that
they both display reddish conglomeratic facies with almost no pyroclastic beds. The Huanca
and Lower Moquegua Formations post-date the onset of exhumation along the LCH at ~60

Ma, and respectively accumulated along its northeast and southwest sides.

Age and context of accumulation. Considering that the ~2.5 km-thick Huanca
Formation accumulated during the ~52-30 Ma interval allows to estimate a rough
depositional rate of ~110 m/Myr, which is 2-6 times higher than those estimated for sub-units
of the Moquegua Group southwest of the LCH. This implies that the Huanca Formation
accumulated in a more subsident domain and therefore suggests significant coeval activity
along the nearby Huanca normal fault. Depositional facies and paleocurrents confirm that this
fault controlled the position of an elongated, dominantly proximal fluvial system that was

draining part of the Arequipa belt during that time (Cruz, 2002).

Age of the base of the Liquirca Formation. The ignimbrite ~30 m above the contact
between the Huanca and Liquirca formations is now dated at 16.5 + 0.3 Ma. Considering
depositional rate in the 20-60 m/Myr range, equivalent to rates estimated elsewhere in the
region, the base of the Liquirca Formation can be estimated to be ~18-17 Ma in age. The
Liquirca Formation thus appears to represent a partial time-equivalent of the MoqC unit, with
which it shares similarities such as a highly tuffaceous component and a resulting whitish

color.

Weathering in uppermost conglomerates of the Huanca Formation. The marked
angular unconformity between the Huanca and overlying Liquirca formations is consistent
with the ~30 Ma change in tectonic regime reported above, and indicates that the former was
tilted down to the southwest by ~45° before ~18 Ma. The proposed chronology implies that

the upper part of the Huanca conglomerates was exposed and thus submitted to weathering
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and probably some erosion between >30 and ~18 Ma, i.e. during >12 Myr. In agreement, the
large diorite clasts in the SW-dipping uppermost Huanca Formation show an alteration so
intense that it precludes that they were transported in such a state, implying in-situ
weathering. The fact that no paleosoil is preserved at the top of the unit is likely to reflect pre-

Liquirca erosion.

d - Exhumation recorded by the Huanca Formation

Source area. The lower 500 m of the conglomeratic part of the Huanca Formation are
dominated by subangular to subrounded andesite clasts (Cruz, 2002). It reveals that volcanic
arc accumulations formed the first dominant unit to undergo erosion at that time, and points
to the Toquepala Group as the most likely source unit for this member. This is coherent with
the present-day absence of Late Cretacous-Early Paleogene volcanic rocks (the Toquepala
Group) northwest of Cerro Verde; despite the fact that the coeval arc extended there (as
documented by plutonic rocks). In contrast with the area extending southeast of Cerro Verde
where this thick unit has been preserved, the Toquepala Group, which was covering the LCH
during or after the Oligocene, has thus been totally eroded. However, because zircon fission-
track minimum ages are always younger than apatite fission-track ages obtained in the
Huanca section, at least part of the apatites and zircons in the Huanca red beds were derived

from distinct source rocks and/or areas.

The upper ~1.2 km of the Huanca conglomerates in the Cerro Carapunta section are
mostly composed of subrounded to subangular clasts from andesite flows (presumably also
from the Toquepala Group), mid-Cretaceous limestones, and Upper Yura quartzarenites.
However, plutonic clasts are observed only in the uppermost Huanca Formation at Chilcane
(Fig. IIL.4). It appears thus likely that a dominant fraction of the Huanca clastic material was
derived from the LCH (and therefore also from the quartzarenites and limestones that
compose the Cincha-Lluta slump deposit along its northeast flank). Because of the abundance
of quartzarenite clasts, which increases upsection, it is expected that a significant mineral
fraction of the conglomerate matrices may have been recycled from these ~150-130 Ma-old
sandstones and not directly from older rocks in the source area. It has to be noted that the
material from which these quartzarenites formed was derived from the northeast (Sempere et

al., 2002) by Jurassic to lower Cretaceous fluvial systems thought to have sampled regions as

109



remote as the Amazonian craton (Chew et al., 2008). This also explains the large amount of >
250 Ma zircon U-Pb and fission-track ages found in the samples from Cerro Carapunta

section.

U-Pb data. Late Cretaceous zircons, most likely derived from the arc in the LCH, are
common in the two stratigraphically lower samples, whereas they are absent from the two
upper samples from the Huanca basin (Cerro Carapunta) section (Fig. II1.4), suggesting that
denudation progressively affected deeper rocks. No zircons younger than ~79 Ma were found,
but this does not preclude that younger volcanic rocks have existed in the LCH (according to
our experience, no andesite from southern Peru has yielded zircons so far). This indicates that
the ~73.5-62 Ma magmatic flare-up evidenced in the Cerro Verde area did not generate
intrusions bearing zircons in the source area of the Huanca Formation in the Cerro Carapunta
section (Fig. II1.4), which therefore did not include Cerro Verde and neighboring areas.
Ignimbrites characteristic of the Middle Toquepala are likely to have included zircons but may
not have been deposited in the area or were eroded away before accumulation of the Huanca
Formation. However, at Chilcane (Fig. I11.4), the two consistent ages, from dioritic clasts and
their matrix in the uppermost sampled horizon of the Huanca red beds, indicate that a ~81
Ma-old diorite was largely cropping out in the source area of the upper Huanca Formation,

most probably in the nearby LCH.

Fission-track data. A fraction of the dated zircon grains yielded >200 Ma zircon
fission-track ages, and this old fraction increases upsection. Because fission-track in apatites
and zircons are not annealed at the base of the Huanca Formation, it suggests that the source
area initially mainly exposed the Late Cretaceous batholith, and that rocks bearing zircons
with >200 Ma cooling ages were unroofed later. Such zircons had crystallized and cooled
below 240°C before ~200 Ma and therefore are likely to have been recycled from the Upper

Yura quartzarenites.

However, a large fraction of detrital apatite and zircon fission-track individual grain
ages groups around ~60 Ma (Fig. III.8). The detrital age distributions from the Huanca
Formation thus reflect the cooling ages obtained on rocks from the LCH, confirming the
identification of the LCH as the main source area. It is probable that the apatite fission-track
signal is mainly derived from the Late Cretaceous batholith and little from the Jurassic

batholith and Proterozoic basement, in which apatites have proven to be generally scarce.
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e - Liquirca and Moquegua C Formations

The ignimbrite here dated at 16.5 + 0.3 Ma by the zircon U-Pb method (Table III.3)
between Chilcane and Huanca appears to be identical with the Lluclla ignimbrite dated at
~16.2 Ma in the Majes and Siguas valleys (Fig. II1.4), i.e. southwest across the LCH, by the
“Ar-*Ar method in several studies (Roperch et al., 2006; Thouret et al., 2007; Schildgen et al.,
2009). In the Majes valley, this ignimbrite is located ~550 m above the base of the MoqC unit
and ~50 m below the marked erosional unconformity at the base of the MoqD unit. In
contrast, in the Chilcane-Huanca area it is found only ~30 m above the base of the local ~500

m-thick Liquirca Formation, interpreted as the lateral equivalent of the MoqC unit.

The base of the MoqC unit thus appears to be highly diachronous, as it is dated to ~30
Ma near Moquegua (Roperch et al., 2006), post-dated west of the study area by a number of
~25-23 Ma-old volcanic deposits (Noble et al., 1985; Thouret et al., 2007; Schildgen et al,,
2009), and assumed to be also ~30 Ma in the Majes valley (implying a consistent depositional
rate of ~40 m/Myr for the MoqC). This contrast reflects considerable lateral differences in

relief and subsidence in the Cenozoic forearc during the Late Oligocene and Miocene.

II1. 6. F — Comparison with plate convergence history

Plate convergence reconstructions of Pardo-Casas and Molnar (1987)) and by Sdrolias
and Miiller (2006) indicate that the convergence direction probably became dominantly
trench-normal roughly between ~70 and ~60 Ma (ages on chron 30-31 in Pardo-Casas and
Molnar; 1987 and emended following Cande and Kent; 1995). The convergence rate remained
however low, until it significantly increased between ~55 and ~50 Ma. The convergence rate

peaked at ~40 Ma and subsequently dropped significantly.

There are thus some parallels between the evolution we have reconstructed and the
plate convergence history. In particular, the arc flare-up (~74 - 62 Ma) apparently developed
during a significant, albeit poorly constrained, change in the direction of convergence. The
Late Cretaceous and Paleocene convergence history is however too poorly defined to tell
whether and how the details of the arc growth, flare-up and collapse in the Arequipa belt were
directly related or not to this change. Furthermore, a sharp increase in convergence rate

between ~55 and ~50 Ma strongly correlates with the initiation of arc migration northwards.
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However, this event apparently did not cause compressional deformation, at least in the upper

crust of the Arequipa region.

II1. 7 - CONCLUSIONS

Our results lead to a refined knowledge of the geologic evolution of the Arequipa belt
and neighboring areas in the Central Andes. Our novel mapping and new data shed
significant light on the succession of events that shaped the present-day geology of southern
Peru (Fig. II1.10). The Arequipa belt now appears as a well-preserved taphrogen of Early
Paleogene age, confirming previous mapping of large-scale normal faults (Sébrier et al., 1985;

Schildgen et al.; 2009).

Development of the Arequipa taphrogen was centered along the main subduction arc,
which had established there at ~90 Ma. Between ~84 and ~76 Ma, this arc grew triggering the
destabilization of its stratigraphic cover along its flanks during large-scale mass-wasting
events. Acceleration of arc growth resulted in a magmatic flare-up, whose ignimbritic earliest
products are now dated ~73.5 Ma. This flare-up lasted until ~62 Ma (Fig. II1.9) and is
documented at least from latitudes ~10°S to ~20°S, and in the distal backarc record of Bolivia.
Geological observations and related in-situ and detrital fission-track data demonstrate that
extensional exhumation started ~62-60 Ma. Since then, extension prevailed in the forearc and

waned until ~30 Ma (Fig. III.10).

As no compressional features are observed, we interpret the generalized extension in
the forearc closely following the arc growth and flare-up as gravitational collapse of the crust
that had been previously overthickened by magmatic addition. The collapse resulted in the
observed taphrogen, and was accompanied by large-scale normal faulting and block tilting.
Our data do not preclude, however, that extension and exhumation were somewhat
diachronous along the Arequipa belt. Sedimentation resumed in the downwarped areas
(Moquegua and Huanca basins) starting ~52 Ma (Fig. III.10), post-dating most of the

extensional tilting of previous rocks and recording syndepositional normal faulting.

To sum-up, the ~38 Myr-long evolution of the main Andean arc while it was located
along the Arequipa belt (~90-52 Ma) may thus be described as a trilogy, namely growth—

flare-up—collapse (Fig. I11.10). This relatively detailed evolution of the present-day forearc we
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have reconstructed is clearly dominated by arc magmatism and subsequent extension. A
marked increase in plates convergence rate synchronous with the northward migration of the
arc between ~52 and ~45 Ma strongly suggests that the former triggered the later. However,
plate convergence history in southern Peru is poorly constrained prior to ~60 Ma, and for
now it seems impossible to relate it accurately to the reconstructed succession of events prior

to 60 Ma.

Last but not least, the switch from lithospheric thinning to crustal thickening
undergone by the southern Peruvian margin near ~90 Ma (Mamani et al., 2010) thus appears
to have been mostly caused by a considerable magmatic growth of the subduction arc between
90 and 62 Ma (Fig. II1.10), and not by compressional tectonics as traditionally assumed
(Sempere et al., 1997). The dominance of extensional features in the Arequipa region is largely
due to the gravitational collapse of the arc that developed starting ~62-60 Ma and to the
persistence of extensional conditions (Fig. II1.10) in a region that has belonged to the forearc

since ~52 Ma.
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CHAPTER 1V -

THERMOCHRONOLOGIC EVIDENCE FOR EO-
OLIGOCENE OROGEN-PARALLEL EXTENSION
IN THE FOREARC OF SOUTHERN PERU.

This chapter is similar to a paper submitted to Lithosphere in collaboration with Matthias
Bernet, Thibaud Simon-Labric (U-Th/He analyses), Taylor F. Schildgen (**Ar/*Ar analyses)
and Thierry Sempere.
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The Central Andean margin has been active continuously since at least the late Jurassic.
However, important rigid block rotations (around their vertical axis) responsible for the
present-day croissant-shape of the orogen and for deformation phases that led to plateau
formation and uplift started broadly at the same time, during the Eocene. Although important
block rotations occurred in the forearc, a zone prone to recording changes in subduction

dynamics, the tectono-thermal Cenozoic evolution of this area remains poorly known.

Here we use thermochronology to constrain the tectono-thermal history of the present-
day forearc of the Central Andes. We sampled 16 new sites between Atiquipa and Ilo (Peru)
and present results for biotite and muscovite *’Ar/*Ar, zircon and apatite fission-track, and
zircon (U-Th)/He analyses. Combined with previously published data, our results show that
the gneissic basement was near (or at) the surface in the Neo-Proterozoic, and no major
thermal event occurred since then. Nonetheless, some zones were heated to temperatures of

~220°C between ~175-105 Ma.

Apatite fission-track ages along the coast show two shifts from younger (60 Ma) to
older (~90 Ma) ages, coinciding with two major normal fault zones that strike perpendicular
to the orogen and delineate blocks tilted to the NW. Given these ages, the faults were active
after 60 Ma. Eocene to early Miocene forearc deposits covering the basement show that
paleogeographic highs were located in the NW during the Eocene, but jumped to the SE
before ~25 Ma. We propose that this block tilting along the coast was triggered by orogen-
parallel Eo-Oligocene extension that accommodated counterclockwise block rotation in the

southern Peruvian forearc during the formation of the Bolivian Orocline.
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IV.1 - INTRODUCTION

The Central Andes are characterized by the occurrence of the second largest elevated
plateau in the world and by an important curvature: the Bolivian Orocline (Fig. IV.1).
Previous studies have shown that the beginning of crustal shortening (Sempere et al., 1990;
Horton, 2005) broadly corresponds to the onset of rigid block rotations that led to the
present-day curvature of the orogen (MacFadden et al., 1990; Beck et al., 1994; MacFadden et
al., 1995; Somoza et al., 1999; Beck, 1998; Randall, 1998; Taylor et al., 2005; Roperch et al.,
2006; Taylor et al., 2007; Arriagada et al., 2008; Eichelberger et al., 2013). In particular, in their
2D reconstruction of paleogeography (Fig. IV.1), Arriagada et al. (2008) calculated that the
oroclinal bending was accompanied by ~200 to 260 km of stretching parallel to the margin
between ~10 and ~30°S between 4~0 and ~25 Ma. However, the influence of these rotations
on the history of exhumation is poorly documented in the forearc, where vertical-axis

rotations can reach ~55°.

70°W
Figure IV.1: Infered position of the south American western coastline through time (thick
lines) after Roperch et al. (2006), and total (40 Ma to present) displacement vectors (arrows)
for restoration of paleomagnetic data after Arriagada et al. (2008). In southern Peru,
paleomagnetic rotations recorded in rocks older than ~40 Ma are maximum whereas rocks
younger than ~25 Ma do not show evidences of tectonic rotation.
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In the southern part of the Bolivian Orocline (coastal northern Chile), Juez-Larré et al.,
2010 report results of a low-temperature thermochronology study on a ~2000 m vertical
profile in a coastal diorite pluton. These authors describe an Eocene cooling event that they
attribute to a change in subduction dynamics when the Farallon-Phoenix ridge entered the
subduction zone below the present-day Central Andes. However, different studies
investigating the thermal history of the present-day forearc of southern Peru (Schildgen et al.,
2007; Schildgen et al., 2009a; Gunnell et al., 2010; Wipf et al., 2008) yielded comparable ages
along the coast of southern Peru, where the Farallon-Phoenix ridge entered the subduction
zone later, likely during the Oligocene (Sdrolias and Miiller, 2006) and questionning the

signification of cooling ages in southern Peru.

This study assesses the history of deformation and exhumation linked to oroclinal
bending in the forearc. We focus on the forearc of southern Peru between ~14 and ~17°S,
where rotations were the most important (Arriagada et al, 2008). Moreover, the large
basement block that crops out there (the Atico - Mollendo block, Fig. IV.2) has been little
affected by the different Mesozoic magmatic arcs that developed along the margin,
minimizing the difficulty of differentiating between post-magmatic cooling and exhumational
cooling in thermal history reconstructions. We use mica *Ar/*Ar, zircon and apatite fission-
track, and zircon (U-Th)/He data together with previously published data to characterize the
spatio-thermal evolution of the forearc. This approach allows us to describe post-cooling
tilting of blocks due to orogen-parallel extension accommodated on faults that strike
perpendicular to the coastline. Together with the sedimentary architecture of the Cenozoic
forearc deposits, we better constrain offset on the faults and their timing of activity with

respect to bending of the Bolivian Orocline.

IV. 2 - GEOLOGICAL SETTING

The forearc of southern Peru (15°-18°S) is bounded to the southwest by the Pacific
coastline and to the northeast by the present-day volcanic arc, which is often referred to as the
Western Cordillera (Fig. IV.2). An escarpment up to ~1000 m high defines most of the
coastline. This region has been located above a major subduction zone since at least the Early
Paleozoic, and possibly since ~650 Ma (Chew et al., 2008). Magmatic activity has been

continuously active along the margin of southern Peru since at least the Early Jurassic
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(Demouy et al., 2012; Boekhout et al., 2012). It has to be noted that the associated forearc-arc-
backarc system was not static over this period but migrated through time (Fig. 1.7), first
toward the southwest between ~200 and ~130 Ma, then toward the NE between ~130 and ~30
Ma and again toward the SW and its actual position since ~30 Ma (Mamani et al., Fig. 1.7). In
order to reflect this migration of the arc through time, we propose a simplified
tectonostratigraphic map of the study area (Fig. IV.3) in which we grouped together, for each
of the three steps of the arc migration, the rocks respectively deposited in a backarc, arc and
forearc context. Concerning the plutonic rocks, we have also grouped together intrusives

associated to the same periods (Fig. IV.3).

IV. 2. A - Stratigraphy

The present-day forearc of southern Peru provides the best exposed and preserved
Proterozoic basement inlier of the Pacific South American coast, the Arequipa Massif
(Cobbing and Pitcher, 1972 ; Fig. IV.2). The basement crops out along ~600 km of coast
between ~14°S and ~17°S (Cocachacra), and outcrops extend from the coast to ~100 km
inland in the Arequipa area. The Arequipa Massif is composed of ultra-high temperature (>
900°C) Proterozoic granulites between Cocachacra and Camana (Martignole and Martelat,
2003; Loewy et al., 2004; Casquet et al., 2010) and gneiss northwest of Camana and in the
Arequipa area (Fig. IV.2 & IV.3). The gneisses are unconformably overlain in the San Juan de
Marcona area by the Upper Neo-Proterozoic, glaciogenic Chiquerio Formation (the youngest
detrital zircons yielded ~700 Ma crystallization ages), which experienced greenschist facies
metamorphism during the Early Paleozoic (Chew et al., 2007; Chew and Kirkland, 2011). We
hereunder refer to the Atico - Mollendo block as the ~225 km-long and ~30 km-large block

of Proterozoic rocks outcropping between 16.1°S and 17.2°S (Fig. IV.2).

In southern Peru, Phanerozoic rocks intrude and overlie the Arequipa Massif (Fig.
IV.3). Ordovician-Silurian subduction-related granitoids (470-460 Ma, (Loewy et al., 2004;
Casquet et al., 2010)) intrude the basement block croping out between Atico and Mollendo.
Carboniferous to Triassic continental to deep marine deposits of the Yamayo Group overlie
the basement and outcrop mainly near Atico and Ocona (Fig. IV.3) (Narvaez and Garcia,

1962; Sempere et al., 2012; Boekhout et al., 2013).

125



\‘ :/b !& -~
” ‘ & Chivay

Y ‘?{( athOII th Cafveli

Te A &
Atiquﬁ—r @ . 7 o A A°Q,
, -, .9 -16°
} 4TS15 CarAplaoo >
04TSI 04100 9 VEU). 4 A
04TS21 /3 £a7%

°4

1M68
£ 40(‘0 <

22
~

Mesozoic intrusive bodies //G

1 (Coastal Batholith) OO'O 8

Proterozoic basement
= (Arequipa Massif)

¢ City

o Sample site (this study)

@ Sample site (Wipf, 2006)

X Main normal faults
In

A Volcanoe

0 (km) 100




As stated above, the subduction arc was active almost continuously between ~200 and
60 Ma, a period during which it migrated through time (e.g. Mamani et al., 2010; Demouy et
al., 2012). Numerous plutonic rocks associated with this magmatic activity crops out in the
present-day forearc of southern Peru, forming the “Coastal Batholith” (Fig. IV.2). It is
composed by Lower Jurassic (200-175 Ma) plutons cropping out mainly in the Arequipa area
(Demouy et al., 2012) and Upper Jurassic (175-150 Ma) plutons intruded by Lower
Cretaceous (110-106 Ma) magmatic bodies which crop out in the coastal area, south of 17.1°S,
building the composite Ilo Batholith (Demouy et al., 2012; Boekhout et al., 2012) (Fig. IV.2 &
IV.3). Upper Cretaceous to Paleocene plutons (90 - 60 Ma) outcrop at least at ~40 km from
the coastline, in particular, they intrude the Lower Jurassic plutons in the Arequipa region
(Fig. IV.3). It has to be noted that there is no evidence of Mesozoic magmatic activity in the
Atico-Mollendo block (Demouy et al., 2012), suggesting that the arc did not intruded the
gneiss and migmatites of the basement in this area (Fig. IV.2 & IV.3). Volcanic products of
Jurassic to Lower Cretaceous age (Chocolate and Toquepala Formations, Fig. IV.3) overlie the
previously described rocks, and crop out mainly near Atiquipa, north of Ilo and in main river
valleys (for example near Aplao). Additionally, a sedimentary succession of ~185-50 Ma
marine backarc deposits outcrops ~50 km northeast of Aplao and ~50 km southeast of
Arequipa (Jenks, 1948; Sempere et al., 2002; Boekhout et al., 2013).

Eocene to Pliocene deposits of the Moquegua Group (Marocco, 1984; Sempere et al.,
2004; Decou et al., 2011, 2013), unconformably overlie the previous stratigraphic succession
between Caraveli and La Joya (Fig. IV.3). These continental forearc sediments deposited in
the “Caraveli-Aplao basin” (Fig. IV.2) between ~50 and ~4.5 Ma. We propose the first map of
these deposits (Fig. IV.3) (from satellital pictures) in the forearc of southern Peru, following
the subdivisions of Roperch et al., 2006. Finally, Upper Oligocene to Miocene deltaic deposits
of the Camana Formation (Pecho and Morales, 1969; Sempere et al., 2004; Roperch et al.,
2006; Alvan and von Eynatten, 2014) crop out on the coastline, mainly at the outlet of the

Camana river (Fig. IV.3).

(previous page) Figure IV.2: A. Location (black square) of the study area in northwestern
South-America. B. Schematic map of the study area showing the sites sampled for
thermochronology (this study and Wipf, 2006) and the main geologic features mentioned in
text. AF: Atiquipa fault; IF: Iquipi fault; LES: Lluclla fault system; OD: Ocofia detachment;
RTFZ: Rio Tambo fault zone.
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Figure IV.3: Tectono-stratigraphic map of southern Peru (after the 1:100,000 geological maps by INGEMMET) and its location in northwestern South
America. AF: Atiquipa Fault; OD: Ocona detachment; IF: Iquipi fault; LES: Lluclla Fault System; RTFZ: Rio Tambo fault zone.




IV. 2. B - Structural setting

It has been proposed that the Arequipa Massif is composed of different tectonically
juxtaposed metamorphic domains because ages and grades of metamorphism are diachronous
in the massif (Martignole and Martelat, 2003; Casquet et al., 2010). The fault zones bounding

each domain are, however, not precisely described.

An important low angle normal fault zone (the Ocofa detachment) likely controlled
the deposition of the Carboniferous to Triassic continental conglomerates of the Yamayo
Group (Taipe, 2004) (Fig. IV.3). This detachment is particularly well exposed in the Ocofa

valley where it creates a structural slab in the landscape (Fig. 1.6).

The Coastal Batholith, which is composed of plutons of Jurassic to Lower Paleocene
ages, typically strikes parallel to the coastline. In southern Peru, it is deflected near Caraveli to
the southeast (Fig. IV.3). There, the Iquipi Fault seems closely related to the deflection
(Roperch et al., 2006). This fault connects to the Lluclla Fault system (Demouy et al., 2012),
which marks the southwestern border of the Coastal Batholith between Aplao and Arequipa
(Fig. IV.2).

Figure IV.4: Stereographic plot showing the measured fault planes in the Atiquipa fault zone
(black lines) and the corresponding rose diagram with 5° boxes (grey areas), large circle
corresponds to 20% of the data (N=22).
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Another important fault zone striking perpendicular to the coastline is inferred by
(Roperch et al.,, 2006) in the Rio Tambo valley. This “Rio Tambo fault zone” (RTFZ) bounds
the Camana-Mollendo block to the southeast (Fig. IV.2). Numerous other faults striking
perpendicular to the coastline are also reported in INGEMMET geological maps for Clemesi
(Bellido et al., 1963), Ilo (Narvaez and Garcia, 1962) and Locumba (Narvaez and Jaen, 1962)
areas, in particular between Ilo and Cocachacra. Near Atiquipa, we map a normal fault that
was previously undescribed (Fig. IV.4). This fault outcrops on the Panamerican highway at
“Playa La Caleta” bounding the Camand-Mollendo block at northeast. It consists of a ~50 m
large breccia that affects the Atiquipa diorite on its southeastern border. We could not find
any striated plane in the analyzed outcrops but we measured fault planes striking broadly
NO035 (Fig. IV.4). The origin of these fault zones striking perpendicular to the coast was

undocumented prior to this work.

IV.3 - METHODS

In this study we sampled along the coastline to better constrain the cooling history of
the Arequipa Massif (Fig. IV.2). We focused our sampling on the Camana -Mollendo block,
composed of UHT migmatites intruded by Ordovician granitoids. This area lacks Mesozoic
intrusive rocks and allows determining exhumational cooling instead of post-magmatic

cooling.

A total of 17 localities (Fig. IV.2) were sampled for this study, 12 of which for apatite
and zircon fission-track analysis, one for zircon (U-Th)/He dating, and four for *Ar/*Ar
dating on biotite and muscovite. Ten samples were collected from the Proterozoic basement,
four from Ordovician plutonic rocks, two from Jurassic plutons, and one from a granite of
unknown crystallization age. Sample preparation protocols are described in detail in the
Appendix sections A (*Ar/*Ar dating), B (zircon (U-Th)/He dating), and C (fission-track

dating).
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IV. 4 - RESULTS

IV. 4. A - Mica *Ar/*Ar dating

We present four “’Ar/*Ar step-heating analyses on biotite and one on muscovite from

the Ocofa canyon (Table IV.1), see the method for data collection in Appendix A. All samples

exhibit very well defined plateau ages (Fig. IV.5). These samples were collected between the

river outlet and the Iquipi fault ~50 km upstream (Fig. IV.2). Ages range from 816.7 + 4.3 Ma

upstream to 468.1 + 2.6 Ma downstream (~15 km from the outlet). An important shift in

cooling ages occurs between 35 and 25 km from the outlet, where biotite “’Ar/*Ar ages change

from 816.7 + 4.3 Ma (04TS15) to 468.1 + 2.6 Ma (04TS21) getting closer to a granite on which

whole rock Rb-Sr analysis yielded a 539 + 90 Ma age (Cobbing et al., 1977). Additionnally, we

sampled two gneisses in the canyon separated by ~500 m of elevation ~25 km from the outlet.

Biotite “’Ar/*Ar analyses yielded ages of 483.1 + 5.5 Ma and 470.3 + 2.7 Ma respectively for

the lower sample (04TS17) and upper sample (04TS20). Moreover, we obtained a muscovite

“Ar/*Ar age of 467.7 + 2.6 Ma for the upper sample (Table IV.1).

Sample Latitude  Longitude  Altitude Mineral Age (Ma) 20 error
name S) (W) (m) dated gelMa (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

Table IV.1: *Ar-*Ar analyses results. All samples are from Precambrain gneiss and were
analyzed by T. F. Schildgen according to the protocol defined in Appendix A.
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Figure IV.5: **Ar/*Ar age spectra for samples from the Ocofia Canyon.

IV.4.B - Zircon (U-Th)/He dating

Zircon (U-Th)/He analysis (Appendix B) of sample 1M04 (Fig. IV.2, Table IV.2) at
1200 m elevation yielded a mean age of 158.6 + 6.6 Ma. This age is within the 20 uncertainty

of the zircon fission-track age (149 + 39 Ma) obtained on the same sample.

Sample grain 4He U Th eU Rs Corrected  +2s
P morphology (nmol/g) (ppm) (ppm) (ppm) (um) Age (Ma) (Ma)

1M04z1 abraded 50.42 40.2 132.4 71.3 66.4 163.2 1.8

1MO04z2 veryabraded  53.75 56.6 99.4 79.9 68.9 153.9 1.9

Table IV.2: Analytical data for (U-Th)/He on zircon age determinations from sample 1M04.
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IV. 4. C - Apatite and zircon fission-track dating

From our 12 new sampled sites in the Atico-Mollendo block (Fig. IV.2) we obtained 9
zircon fission-track ages (Table IV.3) and 8 apatite fission-track ages (Table IV.4). Five of
these locations (samples 1M04 to 1M08) are along a profile across the coastal escarpment ~10
km NW of Mollendo (Fig. IV.3). We sampled this transect at ~250 m elevation increments,
from the coastline to 1200 m elevation. Zircon fission-track ages in this transect range from
227 + 65 Ma (1MO08) to 145 + 38 Ma (1MO06). Due to the scarcity of apatites in the Proterozoic
ultra-high temperature migmatites and their low uranium content, we obtained only two
reliable apatite fission-track ages on this transect. Sample 1M08, located on the coastline,
yielded an age of 83 + 20 Ma and sample 1M06, located in the middle of the transect at 565 m
elevation, yielded an age of 55 £ 11 Ma. These fission-track ages are equivalent within 20

uncertainty, and this transect did not yield an age-elevation relationship.

Seven samples from the coastal area between Atico (16.2°S) and Ilo (17.5°S) from 1125
m elevation to sea level yielded zircon fission-track ages between 244 + 62 Ma (1M72) and 61
+ 13 Ma (1M47) (Table IV.3). Apatite fission-track ages range from 93 + 28 Ma (1M51) to 63
+ 10 Ma (1M50) (Table IV.4). Due to the low uranium content in apatites, it was not possible
to measure confined horizontal track lengths in these samples, neither in the samples from the

Mollendo transect.
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Sample . Latitude Longitude Elevation Central pd rse  P(x"2)
D 0,

name Lithology °S) W) (m)  age (Ma) ‘z;;:; N Ndons) (pd) (%) P

1M04 Proterozoic 16.87171  72.02515 1180 149 39 19 7335 183 121 93 0
migmatite

1MO05 Proterozoic 16.91787  72.04906 863 194 41 20 9115 214 140 89 0
migmatite

1MO06 Proterozoic 16.95583  72.05595 565 145 38 20 9115 215 138 43 17
migmatite

1M07 Proterozoic 16.9823  72.07451 280 148 40 19 7335 184 120 64 2
migmatite

1MO08 Proterozoic 16.99694  72.10288 5 227 65 20 9115 215 133 31 19
migmatite

1M47 Ordo‘”‘;;::atecuc 17.4656 7137315 0 61 13 20 7335 188 1.17 12 9

1M50 Undated granite 17.10783  71.90193 5 128 70 7 9115 221 1.06 0 112

1IM66  Ordovician granite ~ 16.938801  71.593492 30 110 28 20 7335 192 119 19 22

IM72  Ordovician granite ~ 16.57268  72.62976 600 244 62 16 9115 224 107 66 3

Table I'V.3: zircon fission-track analyses results. Age determinations were performed with { = 128 + 9 for glass dosimeter CN1 according to
protocol defined in Appendix C. N, number of grains counted; pd, dosimeter track density (fluence) in tracks per cm-2; rse(pd), relative
standard error on fluence; Nd, number of tracks counted to determine the reported fluence; P(x"2), probability that the single grain ages
represent one population; D, age dispersion. Central age has been computed with the RadialPlotter software (Vermeesch, 2009).



20

Sample . Latitude Longitude Elevation Central d rse P(x72)

hame Lithology °S) ") (m)  age (Ma) fﬁz)r N Nd (18A5) (pd) (Z;,) D (%)
1M06 Proterozoic migmatite 16.95583 72.05595 565 55 10.5 19 8323 6.01 1.13 25 13
1MO08 Proterozoic migmatite 16.99694 72.10288 5 83 20 20 7814 591 144 29 21
1M50 Undated granite 17.10783 71.90193 5 63 10 24 7814 6.1 1.13 37 9
1M51 Jurassic Granite 17.03928 71.69701 171 93 28 12 8965 7.1 1.07 42 5
1M61 Jurassic Granitoid 16.89878 71.84192 1125 65 11 20 8323 6.13 1.13 32 9
1M66 Ordovician granite 16.938801  71.593492 30 74 11 19 7814 6.16 1.15 11 12
1M68 Undated granite 16.41116  73.23413 0 74 12 20 7814 619 1.18 71 1
1M72 Ordovician granite 16.57268 72.62976 600 65 14 19 895 6.82 1.27 29 13

Table IV.4: Apatite fission-track analyses results. All fission-track age determinations were performed with { = 254 + 12 for glass dosimeter
IRMM540 according to protocol defined in Appendix C. N, number of grains counted; pd, dosimeter track density (fluence) in tracksper cm-2;
rse(pd), relative standard error on fluence; Nd, number of tracks counted to determine the reported fluence; P(x"2), probability that the single
grain ages represent one population; D, age dispersion. Central age has been computed with the RadialPlotter software (Vermeesch, 2009).



IV. 5 - DISCUSSION

IV.5. A - Compilation of thermochronological ages

A compilation of all ages available for coastal southern Peru (Table IV.5; Wipf, 2006;
Schildgen et al., 2007; Schildgen et al., 2009a) does not show age-elevation relationship, not
even in the vertical transect sampled near Mollendo. This is understandable as data cover a
large region that is faulted. It is thus difficult to explain the large differences in fission-track
ages (~40 Ma for apatite fission-track ages and more than 100 Ma for zircon fission-track

ages) with a uniform denudation rate along the coastal area of southern Peru.

Over the six apatite (U-Th)/He dates available, three are comprised between 55 and 65
Ma. Apatite fission-track dates cluster at both ~60-70 and ~90-100 Ma, however there is no
relationship between calculated central fission-track age and corresponding mean track-
length measured (Wipf, 2006). Zircon (U-Th)/He dates cluster at ~150-160 Ma (Fig. IV.6)
whereas zircon fission-track dates are, in contrast, widely dispersed between 61 + 13 and 531
+ 99 Ma (Fig. IV.6). These data thus document very slow long-term exhumation rates in this
area (Wipf, 2006; Schildgen et al., 2007; Schildgen et al., 2009a).

(0] 50 100 150 200 250

0 ''50 100 150 200 250
Age (Ma)

Figure IV.6: Histograms of ages available in the coastal area of Southern Peru (Wipf et al.,
2008; Schildgen et al., 2007; Schildgen et al., 2009a) in function of the method used. aHe:
apatite (U-Th)/He; aFT: apatite fission-track; zHe: zircon (U-Th)/He; zFT: zircon fission-
track.
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Sample

Elevation

Age of

name Source Location (m) Lithology formation Method Age Age err
1MO08 This study Mollendo 5 Migmatite ~ Precambrian aft 83 20
1M50 This study Punta de bonbon 5 Granite - aft 63 10
1M51 This study Cocachacra 171 Granite 163.8 +0.9 (a) aft 93 28
1Me61 This study Pampa La Joya 1125 Granitoid  161.9+0.9 (a) aft 65 11
1M66 This study Atico 30 Granite - aft 74 11
1M68 This study Pescadores 0 Granite - aft 68 11
1IM72 This study Camana 650 Granite 447 (b) aft 65 14
MW34 Wipf et al., 2008 San Juan de Marcona 348 Granodiorite - aft 55.4 7.4
MW35 Wipf et al., 2008 San Juan de Marcona 82 Gneiss - aft 62 10
MW41 Wipf et al., 2008 Canyon rio Ocona 307 Monzonite - aft 92 8
MW42 Wipf et al., 2008 Puerto Viejo 63 Granite - aft 90 51
MW44 Wipf et al., 2008 Atiquipa 176 Monzonite - aft 58 6.4
MW45 Wipf et al., 2008 Puerto de las Lomas 75 Granie - aft 75 20
MWS52 Wipf, 2006 1lo 32 Jurassic o4 9448 (o) aft 93.8 232
Granite
MW53 Wipf, 2006 Ilo 320 - - aft 85.8 10.4
MW54 Wipf, 2006 Ilo 630 - - aft 90 12
MW59 Wipt, 2006 Yerba Buena 230 Basement - aft 93.1 13.8
MW63 Wipt, 2006 Ocona 220 Migmatite ~1000 (d) aft 71.8 9.4
1M06 This study Mollendo 565 Migmatite Proterozoic aft 55 10.5
04TS17  Schildgen etal, 2007  Canyon rio Ocona 1011 - - aHe 59.3 1.1
04TS18  Schildgen et al., 2007 Ocona 415 - - aHe 72.5
04TS21  Schildgen etal., 2007 Ocona 73 Schist? - aHe 61.4 154

Table IV.5: Compilation of data available in coastal belt of southern Peru. (a) zircon U-Pb, Boekhout et al., 2012; (b) biotite K-Ar date, Stewart
et al., 1974; (c) hornblende K-Ar date, McBride (1977); (d) zircon U-Pb, Casquet et al., 2010. aft: apatite fission-track; aHe: apatite (U-Th)/He;
btArAr: biotite Ar/Ar; muArAr: muscovite Ar/Ar; zft: zircon fission-track; zHe: zircon (U-Th)/He.



Sample

Elevation

Age of

name Source Location (m) Lithology formation Method Age Age err
05TS12  Schildgen etal., 2007  Canyon rio Ocona 360 - - aHe 24.6 12.9
MW44 Wipt, 2006 Atiquipa 176 - - aHe 29 7
MW53 Wipf, 2006 Tlo 30 ~ Granodiorite - aHe 59.3 12
- Tonalite
04TS15 This study Ocona 319 Gneiss Proterozoic btArAr 816.74 427
04TS16 This study Ocona 271 Gneiss Proterozoic btArAr 786 3
04TS17 This study Ocona 275 Gneiss Proterozoic btArAr 483.1 5.45
04TS20 This study Ocona 680 Gneiss Proterozoic btArAr 470.33 2.71
04TS21 This study Ocona 100 Gneiss Proterozoic btArAr 468.1 2.6
04TS20 This study Ocona 680 Gneiss Proterozoic muArAr 467.67 2.6
1M04 This study Mollendo 1180 Migmatite Proterozoic zft 149 39
1MO05 This study Mollendo 863 Migmatite Proterozoic zft 194 41
1M06 This study Mollendo 565 Migmatite Proterozoic zft 145 38
1M07 This study Mollendo 280 Migmatite Proterozoic zft 148 40
1MO08 This study Mollendo 5 Migmatite Proterozoic zft 227 65
1M47 This study Tlo 0 Anatectic 464 1 4(a) 2t 61 13
granitoid
1M66 This study Atico 30 Granite - zft 110 28
1M72 This study Camana 600 Granite 447 (b) zft 244 62
1M50 This study Punta de bonbon 5 Granite - zft 128 70
MW103 Wipt, 2006 Camana 64 - - zft 353 63
MW104 Wipt, 2006 Corire 380 - - zft 531 99
MW34 Wipt, 2006 San Juan de Marcona 348 Granodiorite - zft 348 63

Table IV.5: Compilation of data available in coastal belt of southern Peru. (a) zircon U-Pb, Boekhout et al., 2012; (b) biotite K-Ar date, Stewart
et al., 1974; (c) hornblende K-Ar date, McBride (1977); (d) zircon U-Pb, Casquet et al., 2010. aft: apatite fission-track; aHe: apatite (U-Th)/He;
btArAr: biotite Ar/Ar; muArAr: muscovite Ar/Ar; zft: zircon fission-track; zHe: zircon (U-Th)/He.



Sample

Elevation

Age of

name Source Location (m) Lithology formation Method Age Age err
MW42 Wipt, 2006 Puerto Viejo 63 Granite - zft 156 47
MW44 Wipt, 2006 Atiquipa 176 Monzonite - zft 202 33
MW45 Wipf, 2006 Puerto de las Lomas 75 Granite - zft 180 34
MW52 Wipf, 2006 Ilo 32 Jurassic . 2ft 107 14
Granite

MWS53 Wipt, 2006 Ilo 320 - - zft 133 15
MW63 Wipt, 2006 Ocona 220 Migmatite Proterozoic zft 199 54
04TS16a  Schildgen et al,, 2007  Canyon rio Ocona 225 Gneiss Proterozoic zHe 158 7.3
04TS16b  Schildgen etal.,, 2007  Canyon rio Ocona 225 Gneiss Proterozoic zHe 153 7.7
04TS18a  Schildgen et al,, 2007  Canyon rio Ocona 415 Gneiss Proterozoic zHe 182 8.34
04TS18b  Schildgen et al.,, 2007  Canyon rio Ocona 415 Gneiss Proterozoic zHe 173 8.23
04TS20a  Schildgen et al,, 2007  Canyon rio Ocona 650 Gneiss Proterozoic zHe 210 9.86
04TS20b  Schildgen et al,, 2007  Canyon rio Ocona 650 Gneiss Proterozoic zHe 177 8.1
04TS21a  Schildgen et al,, 2007  Canyon rio Ocona 73 Gneiss Proterozoic zHe 155 5.3
04TS21b  Schildgen et al.,, 2007  Canyon rio Ocona 73 Gneiss Proterozoic zHe 138 4.9
1M04z2 This study Mollendo 1180 Migmatite Proterozoic zHe 163.2 1.8
1M04z3 This study Mollendo 1180 Migmatite Proterozoic zHe 153.9 1.9

Table IV.5: Compilation of data available in coastal belt of southern Peru. (a) zircon U-Pb, Boekhout et al., 2012; (b) biotite K-Ar date, Stewart
et al., 1974; (c) hornblende K-Ar date, McBride (1977); (d) zircon U-Pb, Casquet et al., 2010. aft: apatite fission-track; aHe: apatite (U-Th)/He;
btArAr: biotite Ar/Ar; muArAr: muscovite Ar/Ar; zft: zircon fission-track; zHe: zircon (U-Th)/He.



IV. 5. B - Lateral variations of thermochronological ages

To better illustrate the lateral variations in thermochronological ages along the coastal
area, we projected the different dates onto a graduated line parallel to the coast (Fig. IV.7). 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 (Table IV. 5) and because the latter can be
strongly affected by recent changes in topographic relief. We show that apatite and zircon
fission-track ages do not follow the same lateral trend. Both exhibit well defined lateral shifts

in age, but these shifts are not located at the same place along the coastline (Fig. IV.7).

a - Zircon fission-track ages.

Zircon fission-track ages greatly vary laterally along the coast of southern Peru. In
particular, two zones centered on Atico and on the Ilo batholith exhibit younger ages that
increase with distance from these zones. The composite Ilo Batholith (Fig. IV.2) emplaced
during two episodes of magmatism, respectively 173-152 Ma and 110-106 Ma (Boekhout et
al., 2012). The 107 + 15 Ma zircon fission-track age and the modelled T-t paths reported by
Wipf (2006) for the Ilo batholith indicate that the Albian plutons likely emplaced in the upper
crust, cooled rapidly to temperatures <100°C, and stayed at least between 80 and 30 Ma at
temperatures between 60 and 80°C. We interpret that the 133 + 15 Ma zircon fission-track age
reported by Wipf (2006) in the same region correspond to partial annealing of fission-track in
a Middle Jurassic plutonic body due to the 110-106 Ma magmatic pulse. The emplacement of
the Ilo Batholith may also have partially annealed fission-track in zircons from the migmatites

of the Mollendo transect.

It is more difficult to explain the 61 + 13 Ma zircon fission-track age obtained for a
mylonitic granite (which yielded a zircon U-Pb age of 446 + 6 Ma, Casquet et al., 2010) north
of Ilo. However, Roperch and Carlier (1992) described a secondary magnetization of the
Jurassic volcanic deposits of the Chocolate Formation and attributed it to a Late Cretaceous
tectonomagmatic event to which this age could be related. However, there is no evidence of

Upper-Cretaceous to Paleocene intrusions in the Atico-Mollendo Block (Fig. IV.3).
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Figure IV.7: A. Geological map and location of the zircon and apatite fission-track samples
used to analyze patterns of thermochronological ages in the study area. B. Corresponding plot
of the different apatite (squares) and zircon (circles) fission-track ages along the coastline. AF:
Atiquipa fault; RTFZ: Rio Tambo fault zone.

Concerning the younger zircon fission-track ages in the region of Atico, they reflect the
thermal structure of the crust during the Albian, when the arc was located in the present-day
coastal area (second pulse of emplacement in the Ilo batholith). It is thus possible that a
pluton, which does not crop out, emplaced at depth during this period, partially resetting the
zircon fission-track ages in the Atico region (Fig. IV.8). Besides, previous
thermochronological studies along the Atico-Mollendo block that yielded Jurassic and Lower
Cretaceous ages support this interpretation of a Mesozoic thermal event due to magmatic
emplacement in the Atico-Mollendo block. In particular, the basement that crops out in the
Ocona valley has been dated by different techniques. There, Stewartet al. (1974) obtained K-
Ar dates on biotite and muscovite of 209 + 5 Ma and 210 + 5 Ma from a staurolite schist. They
also report biotite K-Ar ages of ~204 Ma on a quartz-diroite and of ~157 Ma on a foliated
diorite. Moreover, we obtained a 162.2 + 1.1 Ma zircon U-Pb age on the Atiquipa diorite
(sample 1M80, see Fig. IV.2 and Appendix D). Finally, Schildgen et al. (2009b) obtained 12
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zircon (U-Th)/He ages ranging between 210 + 9.9 Ma and 98.4 + 3.8 Ma (the mean age of all
individual ages is 145.7 + 18.6 Ma). However, in the same valley, we obtained very well
defined Proterozoic to Ordovician biotite *’Ar/*’Ar plateau ages (between 816.7 + 4.3 and

468.1 £ 2.6 Ma), as well as a 467.7 £ 2.6 Ma muscovite *Ar/*Ar plateau age.

Zircons from the Precambrian basement likely accumulated radiation damage during at
least the Ordovician-Triassic period, as the temperature of the rocks was most likely lower
than 400°C during this period (based on the biotite **Ar/*Ar cooling ages). Because of the
radiation damage that accumulated in the zircon crystal, the fission-track partial annealing
zone temperature range for the zircons in the basement rocks is probably quite low (Garver et
al., 2005; Reiners and Brandon, 2006). For this reason, we infer that the restricted areas of the

forearc with partially reset zircon fission-track ages were not hotter than 180-220°C.

To summarize, zircon (U-Th)/He and the majority of zircon fission-track ages range
from 200 to 120 Ma (Table IV.5 and Fig. IV.7). This large dispersion of ages within individual
thermochronological systems could be explained by reheating of the Arequipa Massif in some
areas during the Jurassic to Early Cretaceous period, when the volcanic arc was located on the
present-day coast line. This thermal event partially reset thermochronological systems with
low effective closure temperatures (zircon fission-track and zircon (U-Th)/He). However,
higher temperature systems, such as the muscovite “*Ar/*Ar system with an effective closure
temperature of 300-350°C (Robbins, 1972; Hames and Bowring, 1994), were not affected by
these localized Jurassic to Early Cretaceous thermal event, as the Proterozoic to Ordovician

biotite “’Ar/*Ar plateau ages illustrate (Fig. IV.5).

During the Late Triassic-Early Cretaceous, lithospheric thinning and extension
prevailed in the present-day coastal area of southern Peru. Volcaniclastic deposits of the
Chocolate Formation, whose base is dated near Chala at 177.1 + 2.2 Ma by *Ar/*Ar dating on
whole rock (Roperch and Carlier, 1992), accumulated rapidly in the back-arc basin that was
undergoing a subsidence rate of 3.5 km/Ma (Boekhout et al., 2012). The present-day coastal
area of southern Peru was also the site of intense magmatic activity. Indeed, this period
corresponds to the intrusion of the composite Ilo Batholith in two phases, between 173-153
Ma and 110-106 Ma (Boekhout et al., 2012). It is thus likely that the large dispersion of zircon
fission-track ages in restricted areas along the Atico-Mollendo block of coastal southern Peru

is due to a partial annealing of fission-tracks in zircons at temperatures < 220°C during the
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Middle Jurassic-Early Cretaceous (175-105