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ABSTRACT

MAGMATISM, DEFORMATION, AND MINERALIZATION ALONG THE INTRA-ARC

ATACAMA FAULT SYSTEM, NORTHERN CHILE

Oblique plate motion is nearly universal across subduction margins, and the lateral compo-

nent of motion produced by oblique subduction may be accommodated through distributed strain

and/or along crustal-scale strike-slip faults in the overriding (upper) plate. Magmatic arcs, another

fundamental features of the upper plate, have been suggested to play a key role in the initiation

and development of localized intra-arc crustal-scale faults. Significant hydrothermal fluid flow de-

rived from arc plutons has also produced world-class metal deposits along intra-arc faults, and may

suggest the processes responsible for the initiation, continued deformation, and eventual abandon-

ment of strike-slip faults may also play an important role in focusing economic mineralization.

Here I study the sinistral Atacama fault system (AFS), a fossil intra-arc strike-slip fault that oc-

curs within the Mesozoic Coastal Cordillera arc to better understand how oblique plate motion is

accommodated in the upper plate and related to arc magmatism. Mapping along the northern ∼70

km of the El Salado segment of the AFS documents the distribution of arc plutons and style of

deformation. Petrology, geochemistry, and geo/thermochronology were used to characterize and

correlate plutons, and structural data were analyzed to understand progressive changes in the style

of deformation.

New zircon U-Pb dates document a major pulse of magmatism from 150–120 Ma, with the

135–119 Ma plutons most directly tied to AFS ductile deformation. Mylonitic fabrics along the

AFS are uniquely associated with the margins of Early Cretaceous plutons, and are cut by late

kinematic intrusions at 120–110 Ma. Steeply dipping N- to NE-striking mylonitic fabrics with

sinistral shear sense indicators strike ∼8–12◦ clockwise of the steeply dipping, N- to NW-striking

AFS strands, indicating deformation occurred during progressive ductile to brittle sinistral strain.
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The distinctive synkinematic Cerro del Pingo tonalite was mapped on both sides of the eastern

branch of the El Salado segment. Petrography, geochemistry, and geochronology all overlap within

error, and therefore I interpret two sinistrally separated exposures of the Cerro del Pingo Complex

as an offset marker along the AFS. In addition, I correlate a chain of offset leucocratic granites

and hypabyssal intrusions across the western branch of the El Salado segment. The sinistral slip

magnitude across the entire the El Salado segment is ∼50 ± 6 km and occurred almost entirely

between ∼133 and ∼110 Ma at an average slip rate of ∼2.0–2.5 km/Myr. I postulate that thermal

softening as a result of Early Cretaceous pluton intrusion into the shallow crust locally elevated

geothermal gradients, allowing for ductile deformation at ∼5–7 km depths. Spatially variable

Early Cretaceous pluton emplacement set up a heterogeneous rheology that produced a segmented

system that never evolved into a single regional-scale fault. Zircon (U-Th)/He dates record cooling

through ∼180◦C by 116–99 Ma and relaxation of elevated gradients coeval with the end of slip

along the El Salado segment.

Along the central El Salado segment ∼150–200 km south of the offset Cerro del Pingo Com-

plex tonalites, clear fault branches no longer define the AFS. The main branch of AFS in this

region is defined by a ∼200–500-m-thick steeply NW-dipping shear zone that does not show evi-

dence for brittle overprint. Zircon U-Pb dates document synkinematic emplacement of a tonalite

in the shear zone at ∼122 Ma. Kinematic indicators record oblique sinistral-reverse shear, but

locally coaxial fabrics dominate, indicating an overall transpressional regime. Shear zone activity

overlaps in age with other sections of the AFS. The tonalite records a synkinematic sodic-calcic as-

semblage of actinolite+epidote+titanite+plagioclase, but mylonitic microstructures are completely

annealed. The shear zone is cut by an unstrained ∼115 Ma diorite body that contains pervasive

actinolite+epidote+andradite+plagioclase sodic-calcic mineralization. Similar hydrothermal alter-

ation assemblages are also present ∼20 km east of the AFS in the economic Punta del Cobre

copper district near Copiapó. The absence of brittle faulting is likely related to continued magma-

tism associated with the Copiapó batholith complex, which is younger than most arc plutons in the
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Coastal Cordillera. Postkinematic mineralization along the AFS is unique to the Copiapó area, and

magmatic fluids responsible for alteration were most likely derived from the Copiapó batholith.

Together, these data document the development of the AFS as a highly segmented fault system

that localized mineralization and slipped at a relatively slow rate over∼20 Myr, and was abandoned

as plate motion vectors shifted in the middle Cretaceous and arc magmatism migrated eastward.
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Introduction

Oblique plate motion dominates at nearly all subduction margins, and the trench-parallel com-

ponent of motion may be partitioned between slab underthrusting and upper-plate lateral transport

of the forearc. Lateral transport is accommodated through distributed strain and along crustal-scale

strike-slip faults (Figure 1), with active faults dominating at margins where interplate coupling be-

tween a subducting oceanic plate and overriding continental plate is strong. Magmatic arcs are

also fundamental features of subduction zones, and modern obliquely convergent margins includ-

ing Sumatra, Philippines, and southern Chile have strike-slip faults running through the active arc

that are linked to the main subduction zone thrust. The colocation of the arc and crustal-scale

strike-slip fault point towards a relationship between the two features and suggest arcs may play

a major role in the initiation and development of trench-linked systems. Evidence from the mod-

ern Sumatran fault system suggests intra-arc strike-slip faults are weak, potentially due to high

geothermal gradients and intense hydrothermal fluid flow exsolving from subduction-related plu-

tons, resulting in a shallow brittle-plastic transition.

The absolute motion of the overriding plate with respect to the trench—which includes the

magnitude and rate of slip along trench-parallel strike-slip faults—must be known to understand

subduction zone processes such as slip partitioning. Modern oblique margins with well-constrained

geodetic data indicate intra-arc strike-slip faults accommodate a wide range of trench-parallel mo-

tion (25–66%), with the remaining motion primarily accommodated along the subduction inter-

face. While direct slip rates on fossil fault systems cannot be gleaned from geodetic data, erosion

to deeper levels in fossil strike-slip systems can expose piercing points that clearly preserve dis-

placement magnitude, and crosscutting relationships can record the relative timing of slip and be

used to estimate slip rates. These slip history constraints can be used to better understand the de-

gree of slip partitioning across oblique margins in the ancient, and may yield insights into plate

motion rates, vectors, and other processes such as fault linkage and subduction erosion.
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Figure 1: Schematic model during oblique convergence showing partitioning of trench-parallel motion
between oblique underthrusting of the slab and crustal-scale strike-slip faults through the magmatic arc.
Modified from Van der Pluijm and Marshak (2004).

Major faults localized through the magmatic arc above subduction zones often host world-class

metal deposits, and may suggest the processes responsible for the initiation, continued deforma-

tion, and eventual abandonment of strike-slip faults may also play an important role in focusing

economic mineralization. While some mineralization types such as porphyry-style deposits are

well understood, significant uncertainty about the sources and processes responsible for others are

still a source of debate. In particular, the mechanisms for the formation of iron oxide-copper-gold

deposits remain controversial, and may be related to either magmatic-hydrothermal fluids or evap-

orite brines. Significant hydrothermal fluid flow derived from arc plutons is one of the proposed

sources of this type of mineralization, and supporting or disproving a link to subduction-related

magmatic arcs would greatly help future exploration efforts.

The central objective of this study is to improve our understanding of the relationship between

arc magmatism and trench-linked strike-slip faulting during oblique subduction, with a particular

focus on changes in rheology and implications for economic mineralization. I have addressed

these topics through a detailed study of the Atacama fault system (AFS) in northern Chile, one

of the best and most accessible examples of a major fossil trench-parallel, intra-arc strike-slip

2



fault system. This fault system accommodated lateral strain from the subducting Phoenix plate

during Mesozoic oblique convergence and is exposed for ∼1,000 km in the Late Jurassic to Early

Cretaceous arc between Iquique and La Serena (Figure 2). The AFS is an ideal setting to study the

structural evolution of an intra-arc strike-slip system because the hyperarid climate of the Atacama

desert has resulted in unparalleled exposures of multiple generations of arc-related intrusions that

are cut by ductile shear zones and/or brittle faults, providing an excellent opportunity to examine

the relationship between magmatism and deformation and constrain the timing and magnitude of

displacement. Brittle faults along this major regional structure provided a focused pathway for

fluids exsolved from arc plutons at depth, giving rise to some of the largest iron oxide-copper-gold

deposits in Chile.

The central objective of this study is to improve our understanding of the development of

trench-linked strike-slip faults in magmatic arcs during oblique subduction. I addressed these

topics through a series of focused questions in three chapters:

Chapter 1: How did magmatism affect deformation along the AFS?

Chapter 2: What was the magnitude and timing of slip along the AFS?

Chapter 3: How does AFS deformation relate to Chilean Iron Belt mineralization?

Results and interpretations presented in this dissertation are the result of an extensive field

campaign over 5 seasons that mapped a ∼5 km-wide swath along the northern ∼70 km of the El

Salado segment near Taltal, a ∼70 km2 area along the central El Salado segment near the Man-

toverde mine, and a∼6 km2 area near Copiapó. Field mapping was a team effort and included John

Singleton, Skyler Mavor, Stewart Williams, Evan Strickland, Rachel Ruthven, and Micah Hernan-

dez from Colorado State University and Rodrigo Gomila, Gert Heuser, and Gloria Arancibia from

the Pontificia Universidad Católica de Chile in Santiago. Most geologic mapping focused on the

exposed Coastal Cordilleran arc plutons and volcanics along the northern El Salado segment be-

tween Taltal and Copiapó. Mapping compiled at 1:25,000-scale by myself and S. Mavor. Structural

data and samples for petrographic, microstructural, and geochemical analysis were collected from

all three mapping areas.
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Jaillard et al. (1990).
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Analytical methods including U-Pb geochronology and (U-Th)/He thermochronology in addi-

tion to oxygen stable isotope and whole-rock geochemistry supplemented mapping results, and

here I present 25 new zircon U-Pb dates, 2 andradite U-Pb dates, 3 sulfide Re-Os dates, 10

zircon (U-Th)/He dates, 6 whole-rock geochemical analyses, and 8 bulk oxygen stable isotope

analyses on mineral separates from 2 samples. I conducted all U-Pb and (U-Th)/He analyses at

the University of Texas at Austin in the UT-Chron laboratory facilities. Daniel Stockli, Rudra

Chatterjee, Megan Flansburg, Des Patterson, Margo Odlum, and Lisa Stockli assisted with lab-

oratory analyses at UTChron. Re-Os analyses were conducted at the AIRIE laboratory at Col-

orado State University. Michelle Gevedon performed oxygen stable isotope analyses in Jaime

Barnes’ lab at UT-Austin. ALS Labs in Reno, NV and Activation Laboratories in Canada con-

ducted whole-rock geochemistry. Geo/thermochronometric and geochemical data are available

through the NSF-funded Geochron and EarthChem databases (https://www.geochron.org/dataset/

html/geochron_dataset_2020_01_21_C9pPo).

All three chapters of this dissertation were written as extended versions of manuscripts that

either have been or will be submitted to peer-reviewed journals. Chapter 1 addresses the relation-

ship between Coastal Cordillera arc magmatism and AFS deformation using geologic mapping

and geochronology (see also Seymour et al., 2020). Magmatic arcs are characterized by high

geothermal gradients in the upper 10 km of the crust, providing an ideal thermally-weakened site

to localize strike-slip motion. Brittle structures overprint a variety of kinematically compatible

ductile fabrics along the AFS and clearly preserve the fossil brittle-plastic transition. New map-

ping in conjunction with zircon U-Pb data document two primary episodes of arc magmatism in the

Jurassic and Early Cretaceous. The Early Cretaceous pulse is both temporally and spatially linked

to deformation along the El Salado segment, and the presence of mylonites only along the margins

of the Early Cretaceous plutons and the surrounding Chañaral Complex metasedimentary rocks

further indicates pluton emplacement facilitated sinistral slip by providing a thermally-weakened

zone to initiate deformation which then propagated out into the surrounding lithologies as a brittle

fault. These along-strike rheological changes indicate elevated geothermal gradients around Early
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Cretaceous plutons locally raised the brittle-plastic transition to shallow (∼5–7 km) crustal depths.

Zircon U-Pb and (U-Th)/He data document the end of magmatic activity coeval with the end of

brittle slip and subsequent regional cooling, indicating cooling of the arc is linked to abandonment

of the AFS.

Chapter 2 builds on the results of Chapter 1 and evaluates the correlation of pre-, syn-, and

post-tectonic intrusions along the El Salado segment to determine the timing, magnitude, and rate

of slip during Mesozoic convergence. The regional tectonic history of an area provides key insights

into how intra-arc strike-slip fault systems accommodated oblique strain and slip partitioning. Pre-

vious estimates of slip along the AFS are poorly constrained because no clear piercing points have

been identified across the fault system. New mapping presented here documents offset markers

across the eastern and western branches of the El Salado segment that allows me to reconstruct the

slip history and determine the magnitude, timing, and rate of slip along the AFS: a pair of synk-

inematic plutons and associated metasedimentary mylonites across the eastern branch and a chain

of leucocratic granites across the western branch. These results provide the first full estimate of

displacement across two major branches the El Salado segment of the Atacama fault system dur-

ing Early Cretaceous convergence based on offset geological markers: 32–38 km on the eastern

branch and ∼14–18 km on the western branch. Cross-cutting relationships constrain the timing

of slip to ∼133–110 Ma, yielding a slip rate of ∼2.0–2.5 km/Myr over the ∼23 Myr duration of

deformation. Compared to other trench-linked intra-arc strike-slip systems such as the Sumatran,

Philippine, and Liquiñe-Ofqui faults, these rates are relatively low, which suggests: (a) plate con-

vergence rates or obliquity may have been significantly lower than previously modeled, (b) the vast

majority of trench-parallel slip was accommodated along the slab interface or within the forearc,

and/or (c) soft-linkage of the fault system prevented effective lateral transport of the forearc sliver.

Finally, Chapter 3 expands upon the relationships explored in Chapter 1 and investigates the

presence of hydrothermal alteration along the El Salado segment near Copiapó. The El Salado

segment has played an important role in controlling mineralization along the Chilean Iron Belt,

which hosts some of the largest copper reserves in Chile including the Mantoverde and Candelaria
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deposits. This study uses a combination of geologic mapping, geochronology, and geochemistry to

relate the ductile shear zone to the broader history of Coastal Cordillera arc magmatism and AFS

deformation. I also incorporate whole-rock and stable isotope geochemistry to compare hydrother-

mal alteration along the AFS to the Punta del Cobre mining district to understand how ore-forming

plutons and IOCG mineralization are related to AFS deformation.
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Chapter 1

The Relationship between Magmatism and

Deformation

Summary
Magmatic arcs may play a major role in the initiation, behavior, and abandonment of intra-arc

strike-slip systems. Here we present zircon U-Pb and (U-Th)/He geo-/thermochronology with new

mapping to relate Coastal Cordillera arc magmatism to sinistral shear along the Atacama fault sys-

tem (AFS) in northern Chile. New dates from 18 intrusions along the AFS between 24.6–27◦ S

compiled with published data record a minor Early Jurassic magmatic pulse (185–175 Ma), broad

latest Jurassic to Early Cretaceous (150–120 Ma) pulse, and a minor younger (120–105 Ma) pulse.

Mylonitization occurred only along the margins of Early Cretaceous plutons and surrounding Pa-

leozoic metasedimentary rock, whereas Jurassic plutons and metasedimentary rocks away from

Early Cretaceous plutons lack mylonitic fabrics. Early Cretaceous magmatism facilitated AFS

deformation by thermally weakening the crust with elevated geothermal gradients that enabled

mylonitization to take place at ∼5-7 km depths and low stresses. Spatial variability of pluton em-

placement produced significant rheological heterogeneity, giving rise to a highly segmented fault

system that did not originate as a regional-scale shear zone. Synkinematic dikes (∼120–117 Ma)

cut mylonitic fabrics, and a post-kinematic dike (∼110 Ma) records the end stages of slip. The ces-

sation of slip coincided with cooling below ∼180◦C at ∼116–99 Ma as arc magmatism migrated

eastward and geothermal gradients relaxed, coeval with a major reorganization in plate motion and

the onset of seafloor spreading in the south Atlantic.
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1.1 Introduction
Trench-parallel intra-arc faults directly accommodate oblique plate convergence and facilitate

large-magnitude forearc block and exotic terrane translation (Beck, 1991; Jarrard, 1986; Avé Lalle-

mant and Oldow, 1988)1. Magmatic arcs are fundamental features of most subduction zones, and

may play a major role in the initiation, development, and eventual abandonment of intra-arc strike-

slip systems. The importance of these systems has been recognized for over 30 years (Jarrard,

1986; Woodcock et al., 1986), and many arcs and batholiths have prominent faults running the

length of the arc (e.g., Busby-Spera and Saleeby, 1990; Barrier et al., 1991; Cembrano et al., 1996;

Quebral et al., 1996; McCarthy and Elders, 1997; Sieh and Natawidjaja, 2000; Tabei et al., 2003;

Cembrano et al., 2005; Sato et al., 2015). The rheological behavior and magnitude of displacement

on these faults has implications for the tectonics of terrane translation, slab-upper plate coupling,

crustal strength, and relationship between magmatism and fault displacement.

Several studies have discussed potential genetic relationships between magmatism and defor-

mation, with some authors suggesting magmatism is necessary for the initiation of intra-arc de-

formation during oblique subduction (e.g., Beck, 1983; de Saint Blanquat et al., 1998; Scheuber

and Reutter, 1992; Cao et al., 2015), while others suggest the presence of active intra-arc strike-

slip structures provides pathways for magma emplacement (e.g., Glazner, 1991; de Saint Blanquat

et al., 1998; Grocott and Taylor, 2002; Cembrano and Lara, 2009). Spatial and temporal pulses of

arc magmatism are expected to have an important effect on strain localization in the upper plate.

Magmatic arcs are characterized by high geothermal gradients in the upper 15 km of the crust (up

to 40◦C/km in Japan, Uyeda and Hôrai (1964); ∼45–65◦C/km in the Cascades, Blackwell et al.

(1982, 1990); and ∼40◦C/km in the eastern Peninsular Ranges, Rothstein and Manning (2003)),

providing an ideal thermally weakened site to localize strike-slip motion (Beck, 1983; Jaquet and

Schmalholz, 2018). High geothermal gradients within the arc compared to the surrounding coun-

try rock can result in a locally elevated brittle-plastic transition, allowing for ductile deformation

1This chapter is published: Seymour, N.M., Singleton, J.S., Mavor, S.P., Gomila, R., Stockli, D.F., Heuser, G. and
Arancibia, G., 2020, The relationship between magmatism and deformation along the intra-arc strike-slip Atacama
fault system, northern Chile. Tectonics, p.e2019TC005702.
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at shallower crustal levels and lower deviatoric stress magnitudes. Furthermore, a heterogeneous

distribution of intrusions in the shallow crust would produce variations in the degree of thermal

softening, which would in turn produce a range of ductile shear versus brittle behavior at similar

crustal levels. The duration of arc magmatism may also play a key role in the development of

these structures, as a large volume of magma and continued intrusions would be needed in order to

maintain a consistently elevated geothermal gradient while cooling of the arc has been suggested

to coincide with abandonment of intra-arc fault systems (Busby-Spera and Saleeby, 1990; Brown

et al., 1993; Dallmeyer et al., 1996; Scheuber and Gonzalez, 1999; Andronicos et al., 2003; Nadin

et al., 2008), underlining the importance of this relationship.

The Atacama fault system (AFS), located within the Mesozoic Coastal Cordillera arc, is a clas-

sic example of an intra-arc strike-slip system that accommodated oblique convergence along the

Peru-Chile trench (e.g., Scheuber and Andriessen, 1990, Figure 1.1). The AFS is an ideal setting

for studying the structural and rheological evolution of an intra-arc strike-slip system because the

hyperarid climate of the Atacama Desert has resulted in excellent exposures of arc-related intru-

sions and brittle structures that overprint ductile fabrics. Here we integrate geologic mapping and

structural measurements along the AFS with new zircon U-Pb and (U-Th)/He dates on syn- and

post-kinematic intrusions and existing literature data to document the deformational, magmatic,

and cooling history of this intra-arc strike-slip system. Together, these new data allow us to relate

pulses of magmatism and subsequent cooling of the arc to the behavior and abandonment of the

AFS, providing a clear picture of the spatial and temporal relationships between arc activity and

deformation in the Coastal Cordillera.

1.2 Geologic Setting
Subduction beneath the western margin of South America from ∼200 Ma to the present day

has resulted in an extended period of arc magmatism and forearc deformation (Mpodozis and Kay,

1992; Parada et al., 2007; Charrier et al., 2007, 2015). Until the Late Permian, subduction and

terrane accretion associated with the assembly of Gondwana dominated the tectonic development
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Figure 1.1: (a) Regional scale geometry of northern Chile showing the three segments of Atacama fault
system (AFS) modified from Cembrano et al. (2005). Gray arrow shows the Mesozoic convergence vector
from Jaillard et al. (1990). Boxes show the location and name of the three areas studied in this work. Inset
map shows approximate plate configuration coeval with Mesozoic sinistral strike-slip deformation along
the AFS from Jaillard et al. (1990). (b) Map of igneous lithologies color-coded by age. Note the west to
east younging of pluton age and the spatial association of major AFS faults with Early Cretaceous plutons
(pink). Data were compiled and simplified from SERNAGEOMIN quadrangle maps (Álvarez et al., 2016;
Escribano et al., 2013; Contreras et al., 2013; Espinoza et al., 2014; Godoy and Lara, 1998, 1999; Lara and
Godoy, 1998; Godoy et al., 2003; Arévalo, 2005a). Stars indicate sample locations for new dates presented
in this study.
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of northern Chile. Late Permian–Triassic granitic to syenogranitic S-type magmatism that lacks

a calc-alkaline signature documents a ∼55 Myr subduction hiatus during the final assembly of

Gondwana (Berg and Baumann, 1985; Charrier et al., 2007). Early Jurassic calc-alkaline pluton-

ism records the renewal of subduction along the northern Chilean margin as the Phoenix (Aluk)

plate subducted obliquely southeastward below the South American plate along the N-S trending

Peru-Chile trench (Coira et al., 1982). The SE-directed convergence vector has been attributed to

spreading across a Farallon-Phoenix ridge, which Jaillard et al. (1990) suggest was kinematically

related to Tethyan rifting in the North Atlantic and Western Mediterranean. Sinistral forearc trans-

lation was accommodated along the Atacama fault system, which extends from Iquique (20.5◦S)

to La Serena, Chile (30◦S) (Figure 1.1a).

1.2.1 Development of the Coastal Cordilleran Arc

Coastal Cordillera plutons are elongate, tabular bodies intruded into metasedimentary rocks

of the Carboniferous Chañaral Complex at middle to upper crustal levels along a N-S trend (Fig-

ure 1.1b, Godoy and Lara, 1998). Permian, Triassic, and Jurassic mafic diorite and tonalite are

found along the coast and Cretaceous quartz diorite, tonalite, and granodiorite were emplaced

progressively inboard (eastward) of the margin (Naranjo and Puig, 1984; Dallmeyer et al., 1996;

Parada et al., 2007; Oliveros et al., 2010). The earliest magmatism associated with the renewal of

subduction and development of the Coastal Cordilleran arc is the Early Jurassic Flamenco pluton

near Chañaral (Figure 1.1b, Grocott et al., 1994; Dallmeyer et al., 1996; Rodríguez et al., 2019).

Magmatism was dominantly calc-alkaline I-type with 86Sr/87Sr and εNd values indicative of a

mantle or deep crustal source with little to no crustal contamination (Berg and Breitkreuz, 1983;

Rogers and Hawkesworth, 1989; Lucassen and Thirlwall, 1998). Jurassic calc-alkaline to alkaline

andesitic lava flows of the La Negra Formation also record low 86Sr/87Sr ratios and overlie Late

Triassic-earliest Jurassic extensional basin sequences (Oliveros et al., 2010).

Mesozoic magmatic activity peaked between the Middle Jurassic-Early Cretaceous (160–120

Ma; Boric et al. (1990) in Scheuber and Gonzalez (1999)) and postdated La Negra volcanism. Up-
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lift of the Coastal Cordillera has been interpreted from Albian (113–100 Ma) apatite fission track

dates (Maksaev, 1990; Gana and Zentilli, 2000) and correlates with a major regional unconformity

between backarc sedimentary units and overlying Late Cretaceous units (Scheuber et al., 1994).

Both the Albian fission track dates and a regional unconformity are temporally associated with ero-

sion of the continental margin, eastern migration of the magmatic arc, and development of both a

wide forearc and continental foreland basin (Coira et al., 1982; Emparan and Pineda, 2000, 2005).

1.2.2 Development of the Atacama fault system

Deformation accommodating the trench-parallel component of southeast-directed oblique con-

vergence below the N-S trending Gondwanan margin localized along the intra-arc AFS. Three

major segments of the fault system (the Salar del Carmen, Paposo, and El Salado segments) are

composed of several parallel branches rather than a single through-going fault plane and together

comprise the ∼1,000 km fault system (Figure 1.1a). Motion along the AFS was dominantly sinis-

tral strike-slip with periods that also included margin-perpendicular extension or shortening (Gro-

cott and Taylor, 2002; Scheuber and Andriessen, 1990; Stern, 2011; Ruthven et al., 2020). The

NW-striking Taltal fault system cuts the AFS (Arabasz, 1971; Mavor et al., 2020).

Several studies present evidence that the AFS has been active intermittently since the Juras-

sic, with the oldest middle-crustal mylonites hosted in and temporally related to Middle to Late

Jurassic arc plutons along the Salar del Carmen and Paposo segments (Scheuber and Andriessen,

1990; Scheuber and Reutter, 1992; Scheuber et al., 1994). A compilation of hornblende and biotite

K-Ar and 40Ar/39Ar data shows a peak in ductile deformation associated with growth of synkine-

matic biotite in mylonites between 160–120 Ma (Scheuber and Gonzalez, 1999). Kinematically

compatible brittle faults are superimposed on ductile shear zones along the AFS, suggesting the

structure evolved from ductile to brittle behavior during slip in the Cretaceous based on K-Ar

dates of mineralization associated with faulting (Zentilli, 1974; Brown et al., 1993; Vila et al.,

1996; Scheuber et al., 1995). Neogene to Quaternary E-side-down dip-slip motion recorded along

the main strand of the Paposo segment (Hervé, 1987a; Naranjo, 1987; González and Carrizo, 2003;
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González et al., 2006; Allmendinger and González, 2010) did not significantly overprint or alter

the Cretaceous structures.

1.3 Methods

1.3.1 Field Methods & Sampling Strategy

Three primary regions were chosen that feature mylonite zones overprinted by brittle structures:

the Paposo segment, northern El Salado segment, and central El Salado segment. We incorporated

recent mapping along the southern Paposo segment along a 5 km-wide swath stretching ∼27 km

from Cerro Paranal to Caleta Paposo and completed new mapping along both a 5 km-wide swath

∼40 km from the Taltal fault system to the C-119 highway and a ∼70 km2 area just south of the

Mantoverde mine (Figure 1.1a). Sites located between these study regions typically lack well-

developed mylonite zones.

Lithologies in each area were examined for ductile and/or magmatic fabrics including quartz

recrystallization, aligned minerals, asymmetric porphyroclasts, and S-C fabrics. We collected sam-

ples for thin section petrography and geo/thermochronometric analyses, including a range of syn-

and post-kinematic plutons with a variety of compositions and degrees of alteration (Table 1.1).

We collected orientation data on brittle fault planes and slickenlines. Slip sense was determined

using offset features, Riedel shears, lunate steps, T-fractures, and mineral growth steps (e.g., Petit,

1987). Structural data were plotted and analyzed with Stereonet and FaultKin (Marrett and All-

mendinger, 1990; Allmendinger et al., 2011; Cardozo and Allmendinger, 2013). Average structural

orientations were determined using maximum eigenvectors.

1.3.2 Compilation of geochronologic data

We compiled published Coastal Cordillera age data within 10 km of the AFS to provide a

context for our new geo/thermochronometric data. Published age data from Servicio Nacional

de Geología y Minería (SERNAGEOMIN) quadrangle maps, theses/dissertations, and previous

studies were classified by mineral and method type (U-Pb, K-Ar, 40Ar/39Ar, etc.) and plotted
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Table 1.1: Summary of sample lithology and degree of strain.

UTM Coordinates1

Sample Easting (m) Northing (m) Lithology Deformation

161-29 360554 7255860 Hbl Tonalite Protomylonitic
171-P118 358915 7253026 Tonalite Unstrained

171-N235 373065 7146532 Bt Granodiorite Altered; Brittle Fracture
171-J250 375552 7132552 Granodiorite Altered; Brittle Fracture
171-N225 375029 7134850 Tonalite Altered; Brittle Fracture
181-S55 368531 7163402 Hbl Granodiorite Protomylonitic

188-S158 368815 7161392 Hbl-Bt Granodiorite Protomylonitic
181-S228 368352 7163483 Boudin – Granodiorite Unstrained

161-62 370930 7152474 Bt-Hbl Tonalite Unstrained
161-43 364950 7171489 Andesitic Dike Unstrained; Cut by Fault

181-N44 369801 7049130 Granite Discrete Shear Zones
181-N76 368261 7045339 Hbl Qz Diorite Unstrained
161-89 369238 7049392 Hbl Granodiorite Mylonitic

171-G200 371743 7046186 Andesitic Dike Unstrained; Cut by Fault
171-G229 370304 7050021 Dacitic Dike Unstrained; Cut by Fault

161-87 368999 7049417 Bt-Hbl Tonalite Unstrained
181-N67 368130 7046175 Bt-Hbl Tonalite Unstrained

181-N103 362644 7028496 Hbl Qz Diorite Unstrained
1Coordinates in Universal Transverse Mercator (UTM) World Geodetic System 1984 (WGS84)
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using DensityPlotter (Vermeesch, 2012) with a bandwidth of 3 and bin width of 5 Myr to identify

age peaks. Peaks are defined by visual inspection; taller (n ≥ 5 dates) peaks were defined as major

pulses and shorter (5 > n > 1) peaks defined as minor or subpulses. We combine K-Ar and 40Ar/39Ar

dates of volcanic rocks and zircon U-Pb dates on both plutonic and volcanic lithologies in order

to capture the timing of both intrusive and extrusive magma emplacement and compare zircon U-

Pb to K-Ar and 40Ar/39Ar dates of plutonic rocks to evaluate differences in emplacement versus

cooling dates. Data classified as mineralization, alteration, or deformation dates were excluded.

A full list of data and publications included in the compilation is included in the Data Repository

(Appendix 3.6).

1.3.3 U-Pb Geochronology

Previous geochronologic studies of the Coastal Cordillera have primarily utilized hornblende

and biotite K-Ar and 40Ar/39Ar data (e.g., Zentilli, 1974; Hervé and Marinovic, 1989; Dallmeyer

et al., 1996; Kurth, 2002); however, these systems record high-temperature cooling dates rather

than crystallization dates and are more susceptible to disturbance by thermal perturbations or hy-

drothermal alteration (e.g., Harrison, 1982; Harrison et al., 1985; Grove and Harrison, 1996; Dahl,

1996). Older plutons are commonly hydrothermally altered with replacement of magmatic biotite

and hornblende by chlorite and actinolite, so age compilations using these data are inherently bi-

ased towards younger, fresher rocks. Here we use zircon U-Pb geochronology, which typically

does not experience post-crystallization resetting and has been applied worldwide to understand

the timing of pluton emplacement.

Zircons from samples 171-P118, 171-N235, 171-N225, 171-J250, 188-S55, and 161-62 were

mounted in epoxy, polished to expose the center of the grains, and imaged using cathodolumi-

nescence (CL) to document internal zoning patterns (Appendix 3.6). We depth-profiled euhedral,

unpolished grains for samples 161-29, 171-P118, 181-S228, 188-S158, 161-62, 161-43, 181-N44,

181-N76, 161-89, 161-87, 181-N67, 181-N103, 171-G200, and 171-G229 to capture potential

core-and-rim relationships that are too thin to resolve by spot analysis on polished mounts (e.g.,
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Marsh and Stockli, 2015). Depth-profiled zircons were mounted parallel to the c-axis on double-

sided tape. Both sample preparation styles were ablated with a Photon Machines Analyte G.2

Excimer laser. Approximately 30 zircon grains per sample were ablated using a 30 Îijm diameter

spot with a repetition rate of 10 Hz for 30 seconds and analyzed on a ThermoScientific Element

II high-resolution magnetic sector inductively coupled plasma mass spectrometer (HR-ICP-MS).

Sample analyses were interspersed 5:1 with primary standard GJ1 (600 Ma, Jackson et al., 2004;

Elhlou et al., 2006) to correct for elemental and downhole fractionation. Secondary standards Pak1

(43 Ma, unpublished thermal ionization mass spectrometry data), Plesovice (337 Ma, Sláma et al.,

2008), and 91500 (1065 Ma, Wiedenbeck et al., 1995) were interspersed with unknowns to mon-

itor date accuracy. Raw 206Pb/238U data were reduced in Iolite using VizualAgeDRS and plotted

with Isoplot 4.15 (Ludwig, 2003; Jackson et al., 2004; Petrus and Kamber, 2012). The U decay

constant of Jaffey et al. (1971) was used for all date calculations. The uncertainty reported for in-

dividual grains represents the combined internal and external error (Appendix 3.6). Reduced data

were filtered to <10% discordance to eliminate grains with either inheritance or significant Pb loss.

Weighted averages of concordant 206Pb/238U dates are reported with 2σ error.

1.3.4 (U-Th)/He Thermochronology

Zircon (U-Th)/He (ZHe) thermochronology records thermal histories of rocks via the retention

of radiogenically-produced 4He and can be used to understand cooling and exhumation of a region

or particular structure (e.g., Ehlers and Farley, 2003; Reiners et al., 2003; Stockli, 2005). For

rapidly cooled grains, He is lost from the zircon crystal lattice via thermally-activated volume

diffusion at temperatures in excess of ∼180◦C (Reiners et al., 2004; Wolfe and Stockli, 2010).

Below ∼180◦C, He is retained, thereby recording the time since the grain passed through this

closure temperature (Dodson, 1973).

Four to five unbroken, euhedral, inclusion-free zircons >70 µm in width picked from each

sample and measured for standard geometric alpha particle ejection correction (FT, Farley et al.,

1996). Single-grain aliquots were packed in Pt tubes, laser heated to extract 4He, and analyzed
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on a Balzers Prisma QMS-200 quadrupole mass spectrometer. Aliquots were reheated until com-

pletely degassed (<1% He on second heating). Fish Canyon Tuff zircon grains were analyzed as

standards. After complete degassing, aliquots were unpacked and dissolved in hydrofluoric and

nitric acid in high-pressure digestion vessels, spiked with a 7N nitric solution enriched in 235U,

230Th, and 149Sm, and analyzed for 238U, 235U, 230Th, and 147Sm on a Thermo Element2 HR-ICP-

MS operated in solution mode. A standard analytical error of 8% is applied to each aliquot based

on the internal laboratory reproducibility of the Fish Canyon Tuff standard (Reiners et al., 2002,

2004, Appendix 3.6). Average dates are reported for each sample. Error is reported as the larger of

either the standard error of the average (n/standard deviation of dates) or the alternative standard

error (1/n × √Σiσxi
2, where n is the number of aliquots included in the average date and σxi is the

error on each aliquot).
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Table 1.2: Summary of geo/thermochronometric data.

U-Pb (U-Th)/He
Sample Date Range Mean Date±2σ (Ma) n1 MSWD Mean Date±1σ (Ma) n SE4 Alt SE Max SE

161-29 118.8–141.2 130.3 ± 1.7 21/23 3.7 106.7 ± 2.8 5/6 1.3 3.5 7
171-P118 177.7–197.4 182.7 ± 0.8 33/33 1.4 116.2 ± 6.6 5/5 3 3 6

171-N235 188.2–219.4 196.4 ± 2.2 27/29 4.1 107.9 ± 5.4 5/5 3.4 2.9 5.8
171-J250 183.2–207.9 195.6 ± 1.0 38/43 4.4 103 ± 16 4/5 8 2.9 16
171-N225 175.8–524.4 188.6 ± 0.8 32/35 1.7 - - - - -
181-S55 123.0–143.4 132.6 ± 0.9 55/58 5.5 - - - - -

188-S158 128.1–155.0 132.3 ± 1.3 23/26 3.5 - - - - -
181-S228 146.3–336.4 153.3 ± 1.3 21/22 3.9 - - - - -

161-62 - cores 114.8–136.9 128.1 ± 0.5 59 1.8 100.2 ± 14.4 5/6 6.5 3.5 12.9
161-62 - rims 114.8–136.9 118.6 ± 2.1 11 3.5 100.2 ± 14.4 5/7 6.5 3.5 12.9

161-43 108.8–1339 119 ± 6.6 8 70 - - - - -
161-432 108.8–111.7 109.9 ± 4.0 3

181-N44 231.6–255.6 245.4 ± 1.8 31/32 4.6 - - - - -
181-N76 130.1–142.7 135.6 ± 1.5 15/15 5.9 - - - - -
161-89 120.3–157.3 132.1 ± 1.9 19/21 5.3 98.2 ± 4.3 4/6 2.2 2.8 4.3

171-G200 111.7–124.4 119.7 ± 0.9 35/37 2.8 - - - - -
171-G229 111.6–123.6 117.1 ± 0.9 37/38 3.2 - - - - -
161-873 106.7–120.2 108.8 ± 2.8 14/14 3.6 - - - - -

181-N673 103.1–145.6 104.1 ± 2.9 17/23 1.5 - - - - -
181-N103 103.5–111.9 107.1 ± 0.9 26/27 4.5 - - - - -

1Number of grains used to calculate average date. 2Date provided by youngest 3 grains. 3Date determined from lower Tera-Wasserburg
Intercept. 4SE denotes Standard Error and is the larger of the normal Standard Error or the Alternative Standard Error. See text for

details.
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1.4 Results
Here we present results by study region, moving systematically from the southern Paposo seg-

ment near Cerro Paranal (24.6◦S) to the southern margin of the central El Salado segment (27◦S;

Figure 1). In total, we present 18 zircon U-Pb dates and 6 zircon (U-Th)/He (ZHe) dates from

intrusions along the Atacama fault system (Table 1.2).

1.4.1 Paposo Segment (24.6◦S to 25◦S)

The Paposo segment of the AFS is continuous for >160 km from Caleta Paposo to Antofa-

gasta and is defined by the Paposo fault, the Izcuña fault, and a series of subsidiary structures

(Figure 1.1, Figure 1.2; Naranjo, 1987; Cembrano et al., 2005; Jensen et al., 2011; Álvarez et al.,

2016). Between Cerro Paranal to Caleta Paposo, the Paposo fault is the dominant structure and

is lined entirely by the Jurassic Yumbes Tonalite on the west and the Latest Jurassic-Early Cre-

taceous Matancilla and Remiendos Plutonic Complexes on the east (Figure 1.2). South of Caleta

Paposo, the fault is hosted entirely within the La Negra Formation and splits from one master fault

into several parallel strands (Escribano et al., 2013). A mylonitic shear zone up to ∼2 km wide

is present along the southern ∼37 km length of the eastern margin of the Paposo fault (Scheuber

and Andriessen, 1990; Álvarez et al., 2016). A brittle fault gouge core (up to∼50 m wide) derived

from the Jurassic Yumbes tonalite defines the trace of the Paposo fault between Caleta Paposo and

Pacific Ocean (Ruthven et al., 2020).

Intrusions along the southern Paposo segment are predominantly tonalite and granodiorite with

hornblende and biotite (Figure 1.2, Figure 1.3). Near Cerro Paranal on the western side of the

Paposo fault, sample 171-P118 is an unstrained, coarse-grained hornblende biotite diorite mapped

as the Yumbes tonalite (Álvarez et al., 2016). The pluton lacks dynamic recrystallizaton, and

aligned hornblende and chloritized biotite define a weak magmatic fabric (Figure 1.3). Zircons

yield U-Pb date of 182.7 ± 0.8 Ma (n = 33/33; MSWD = 1.4) and a ZHe date of 116.2 ± 6.0

Ma (Figure 1.3). CL imagery of zircon shows igneous textures such as oscillatory zoning with

no evidence of overgrowth development (Appendix 3.6). Chlorite and actinolite replacement of
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Figure 1.2: Simplified map of the Paposo study area compiled from Escribano et al. (2013), Álvarez et al.
(2016), and Ruthven et al. (2020). The Yumbes tonalite is shown in light purple and the Remiendos Plutonic
Complex is shown in shades of red and orange. Bold black lines show the Paposo and Izcuña Faults and
mylonites are shown by the wavy pattern. Yellow stars show new U-Pb samples from this study and green
circles show location of U-Pb data from Ruthven et al. (2020).
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mafic phases generally increases with spatial proximity to the AFS, and fault gouge (up to ∼50

m wide) derived from the Jurassic Yumbes tonalite defines the core of the Paposo fault between

Caleta Paposo and Pacific Ocean (Ruthven et al., 2020).

The Early Cretaceous Remiendos Plutonic Complex (sample 161-29) records ductile strain

and is a fresh, slightly protomylonitic hornblende tonalite just east of the Paposo fault near Cerro

Paranal. The Remiendos tonalite has a U-Pb date of 130.3 ± 1.7 Ma (n = 21/24; MSWD = 3.7)

and ZHe date of 106.7 ± 7.0 Ma (Figure 1.3). A mylonitic shear zone up to ∼2 km wide is de-

veloped in this pluton and an adjacent Late Jurassic/Early Cretaceous granodiorite complex east

of the Paposo fault (Figure 1.2, Scheuber and Andriessen, 1990; Álvarez et al., 2016; Ruthven

et al., 2020). Plagioclase and hornblende grains are weakly aligned but internally undeformed.
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Biotite-lined shear bands recording sinistral shear and quartz ribbons with minor bulging recrys-

tallization define the foliation (Figure 1.3). Mylonitic fabrics record sinistral shear with an average

foliation orientation of 032, 84 E, slightly clockwise of the trend of the Paposo fault at this latitude

(015–195◦) and compatible with kinematic data from ultramylonites near Cerro Paranal and Cerro

Yumbes (Scheuber and Andriessen, 1990).

1.4.2 Northern El Salado Segment (25.5◦S to 26◦S)

The AFS is composed of two major strands along the northern El Salado segment, defined as

the western branch and the eastern branch. The western branch is mapped for ∼130 km from

the coast at Taltal to the C-209 highway, ∼55 km northwest of the town of Diego del Almagro

and the eastern branch is mapped as a discontinuous trace for ∼180 km from the coast north of

Taltal to its termination 6 km south of the C-119 highway, ∼45 km north of the city of Copiapó

(∼26◦S; Figure 1.1, Figure 1.4; Escribano et al., 2013; Espinoza et al., 2014; Godoy and Lara,

1999; Lara and Godoy, 1998). Within the mapped area shown in Figure 1.4, the western branch

is largely covered by alluvium. La Negra volcanics occur west of the fault, and Early Cretaceous

volcanic and clastic strata of the Aeropuerto Formation crops out between the western and eastern

branches. The eastern branch is mapped as a discontinuous trace for ∼180 km from the coast

north of Taltal to its termination 6 km south of the C-319 highway, ∼45 km north of the city of

Copiapó (Escribano et al., 2013; Espinoza et al., 2014; Godoy and Lara, 1999; Lara and Godoy,

1998). The eastern branch is mapped as two main strands and a series of subsidiary structures

(Figure 1.4; Espinoza et al., 2014). Along the 40 km length of the eastern branch through this

map area, Early Cretaceous plutons are found for 12–14 km on the eastern side and 7–8 km on the

western side, thereby accounting for ∼30% and ∼18–20% of the exposure along the eastern and

western margins, respectively. The remaining ∼13.7 km along the eastern margin are Chañaral

Complex metasedimentary rocks (∼35%), and 22 km of exposed rock on the western margin of

the eastern branch is Aeropuerto volcanics. Jurassic plutons are along the eastern margin of the

eastern branch for 11 km (∼28%; Espinoza et al., 2014, this work).
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Figure 1.5: Equal-area stereograms of brittle faults (left) and mylonitic foliations (right) from the north-
ern El Salado segment. Individual measurements are shown with great circles (faults, foliations) and dots
(slickenlines, lineations). Average orientations are given by bold great circle (faults, foliations).

The trend of the AFS along the northern El Salado segment ranges between ∼345◦ to 357◦.

The average orientation of principal slip surfaces on the western branch is 352, 84 E with an

average slickenline trend of 349/10, whereas the average orientation of the eastern branch is 172,

89 W with an average slickenline orientation of 353/14 (Figure 1.5). These orientations are ∼7◦

counterclockwise of the average orientation of mylonitic fabrics (359, 89 E) along the eastern

branch. The width of the damage zone correlates to the presence or absence of variably mylonitized

quartzites and Early Cretaceous tonalites: where these mylonitic lithologies are present the brittle

damage zone is narrow (<10 m) compared to the mylonite zone (up to 800 m), and where Early

Cretaceous tonalites are absent the damage zone is entirely brittle and up to ∼200–300 m wide.
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Along the northern El Salado segment, both the Jurassic La Negra and Early Cretaceous Aerop-

uerto formations are highly fractured with cataclasite zones up to∼200 m thick. Jurassic and Early

Cretaceous plutons intrude the Chañaral Complex along the eastern strand of the AFS. Jurassic plu-

tons primarily record brittle deformation with local mylonitization concentrated in discrete shear

zones. Discontinuous screens of Chañaral Complex metasedimentary rocks along the AFS adja-

cent to Jurassic plutons are up to∼400 m thick and deformed by cataclasis (Figure 1.6c). Chañaral

Complex metasedimentary rocks are composed of variably metamorphosed decimeter-scale phyl-

lite and quartzite interbeds. Phyllites are dominated by sericite with lesser biotite, chlorite, and

fine-grained quartz. Quartzites are medium- to fine-grained quartz arenite and arkose: quartz aren-

ites are generally monocrystalline quartz with undulatory extinction and scarce fine interstitial

sericite, and arkoses have sub-rounded to subangular quartz and plagioclase. These outcrops retain

detrital or statically recrystallized textures even within the damage zone of the eastern branch near

171-J250, a highly altered granodiorite with a zircon U-Pb date of 196.2 ± 2.2 Ma (n = 27/29;

MSWD = 4.1) and ZHe date of 103.0 ± 16.0 Ma (Figure 1.7). Along Quebrada de La Cachina

(Figure 1.4), an unstrained biotite granodiorite mapped as the Cerro Concha granodiorite (∼177

Ma biotite 40Ar/39Ar, Espinoza et al., 2014) has a zircon U-Pb date of 195.6 ± 1.0 Ma (sample

171-N235, n = 38/43; MSWD = 4.4) and ZHe date of 107.9± 5.4 Ma (Figure 1.7), and is relatively

fresh away from contacts with other units. These dates overlap within error of the Cerro Concha

sample 171-J250 (Figure 1.7). Locally the fresh Cerro Concha pluton is altered along faults and its

southern margin, where it is intruded by a 188.6 ± 0.8 Ma (n = 32/35; MSWD = 1.7) unstrained,

altered tonalite with plagioclase grains largely replaced by fine white mica and mafic minerals re-

placed by chlorite (sample 171-N225; Figure 1.4, Figure 1.7). Relict igneous textures are clearly

preserved despite this high degree of alteration. None of the Jurassic plutons are foliated nor do

they preserve any evidence of ductile strain (Figure 1.7).

The volumetrically largest plutonic complex in contact with the eastern branch of the northern

El Salado segment is the Cerro del Pingo Plutonic Complex, a fresh, medium-grained lithology

that ranges in composition from hornblende granodiorite to hornblende biotite tonalite and has
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zircon U-Pb dates 132.6 ± 0.9 Ma (sample 181-S55, n = 55/58; MSWD = 5.5) and 132.3 ± 1.3

Ma (sample 181-S158, n = 23/26; MSWD = 3.5; Figure 1.7). The ∼132 Ma Cerro del Pingo

tonalite and neighboring lithologies record variable degrees of ductile strain. Mylonitic fabrics,

best developed in the ∼14 km along-strike length of Chañaral Complex metasedimentary rocks

adjacent to the Cerro del Pingo Complex, grade from mylonitic to unstrained ∼1.5–2 km north

and south of the plutonic complex, resulting in a total AFS-parallel shear zone length of ∼18

km (Figure 1.4, Figure 1.6a). The degree of mylonitization correlates with the distance between

the metasedimentary-Cerro del Pingo Complex intrusive contact and the eastern branch: where

the contact is >2 km from the AFS, there is contact metamorphism but no mylonite in either

unit (near point 181-S432; Figure 1.4); where the contact is between 500–1300 m from the AFS,

the metasedimentary rocks are mylonitized but the pluton is not (sample 181-S55); and where the

contact is <500 m from the AFS, both the metasedimentary rocks and pluton are mylonitic (sample

188-S158).

To the north and immediate south of Quebrada del Pingo at the northern boundary of the

Cerro del Pingo Complex, an ∼1.2–1.3 km wide zone of interlayered quartzites and phyllites spa-

tially adjacent to the fault is intruded by the northern margin of the Cerro del Pingo pluton. Near

point 181-S55, quartzites not adjacent to the AFS appear statically recrystallized but unstrained,

whereas phyllitic layers are mylonitic with sinistral S-C fabrics and asymmetric porphyroclasts

(Figure 1.6a). The exposure of metasedimentary rocks thins southward to ∼100 m, due to the

irregular nature of the Cerro del Pingo intrusive contact. Mylonitic shear zones vary in width

from ∼200–800 m thick near the central part of the Cerro del Pingo Complex, including up to

∼300–400 m into the pluton itself. Near the center of Cerro del Pingo Complex, the shear zone

is up to ∼800 m wide and extends up to ∼300–400 m into the tonalite (Figure 1.6a). Shear strain

is primarily localized in the metasedimentary rocks with well-developed foliation and lineation

in both quartz-rich and phyllosilicate-rich lithologies. Quartz within decimeter-scale granodiorite

and tonalite boudins within the metasedimentary mylonites such as sample 181-S228 are entirely

statically recrystallized and show no evidence of penetrative strain. One of these boudins yielded a
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zircon U-Pb date of 153.3 ± 1.3 Ma (n = 21/22; MSWD = 3.9; Figure 1.7). Differing proportions

of amphibole, biotite, and alkali feldspar make these nonmylonitic boudins lithologically distinct

from the Cerro del Pingo Complex, pointing towards a pre-kinematic emplacement within the

Chañaral Complex metasedimentary rocks prior to the intrusion of the Cerro del Pingo Complex

(Figure 1.7).

Across Quebrada Cifuncho, the southern end of the ∼132 Ma Cerro del Pingo Complex is in-

truded by a distinctive medium-grained mesocratic biotite hornblende tonalite with common mafic

enclaves (sample 161-62). The zircon U-Pb date for this phase of the Cerro del Pingo is com-

plex. Individual zircon dates range from 114.8–136.9 Ma, and weighted mean dates for <10%,

<5%, and <2% discordance have high MSWD values. High MSWD values are typically related to

zircon growth and recycling during the assembly of large arc pluton complexes, which may span

several million years (e.g., Miller et al., 2007; de Saint Blanquat et al., 2011). CL imagery (Ap-

pendix 3.6) shows evidence of zircon recycling with cores with igneous textures and medium-gray

overgrowths. Polished-mount analyses of cores give a weighted mean date of 128.1 ± 0.5 Ma (n

= 59; MSWD = 1.8). Depth-profile analyses capture the core population and overgrowths, which

most likely of magmatic origin based on Th/U values of 0.68–1.89 (e.g., Kirkland et al., 2015).

Here we report the weighted mean date of the overgrowth population as the crystallization age:

118.6± 2.1 Ma (n = 11; MSWD = 3.5; Figure 1.7). The ZHe date is 100.2± 14.4 Ma. The contact

between the metasedimentary rocks and the pluton is∼130–170 m east of the eastern branch of the

AFS and protomylonitic fabrics locally extend ∼50 m into the tonalite. Unstrained sample 161-62

was collected ∼200 m from the fault, outside of the shear zone (Figure 1.6b). Moving west to-

wards the fault, the tonalite becomes protomylonitic with C’ planes defined by biotite and foliation

planes defined by finely recrystallized quartz and fractured feldspar porphyroclasts (Figure 1.6b).

The mylonitic foliation in the tonalite has a subvertical, NNE-striking foliation. Quartzites near the

contact with the mylonitic tonalite show bulging and subgrain rotation recrystallization of quartz

grains and biotite fish indicative of sinistral shear. The degree of strain increases towards the

fault, with quartz grain sizes decreasing and the development of clear oblique grain shape fabrics.
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Mica-rich phyllitic intervals locally record sinistral shear in the form of asymmetric intrafolial

folds. A >1 m wide tonalite sill within the metasedimentary rocks has a protomylonitic fabric with

aligned biotite and hornblende, dynamically recrystallized quartz seams, and minor recrystalliza-

tion around the margins of plagioclase porphyroclasts.

The southern strain gradient along the AFS eastern branch occurs across Quebrada de La

Cachina, where the ∼119 Ma tonalite intrudes the ∼196 Ma Jurassic Cerro Concha granodior-

ite (Figure 1.4). Quartzites grade from platy ultramylonite and protomylonite within ∼500 m of

the eastern branch to undeformed metasedimentary rocks with rounded detrital grains >620 m from

the eastern branch. Roughly 1400 m east of the fault along the eastern margin of the ∼119 Ma

tonalite, Chañaral nonmylonitic quartzite within an isolated ∼2.7 km2 roof pendant is statically

recrystallized and disharmonically folded (Figure 1.4).

Along the AFS ∼6 km south of the intersection with the Taltal fault, an undeformed ∼10-m-

wide andesitic dike (sample 161-43) clearly cuts across the main eastern branch of the AFS, a

coherent Chañaral Complex slate with gently-dipping bedding-parallel cleavage, 200 m of AFS-

related black cataclasite locally derived from quartzite and highly altered granitoid, and andesitic

volcanic rocks of the Aeropuerto Formation (Figure 1.8). However, this dike is sinistrally offset

∼148 m along a fault parallel to the eastern branch, suggesting that the dike was emplaced at

the very end of slip, after the vast majority of displacement had occurred. The age of the dike is

complicated by low zircon yield and a large spread in dates (108 Ma to 1339 Ma), many of which

overlap with nearby plutons and feature a high degree of discordance. Filtering grains to a higher

discordance threshold only slightly reduces the spread in dates and does not significantly change

with weighted mean date (119.0 ± 6.6 Ma, n = 8 at <10% discordance and 117.4 ± 8.6 Ma, n = 6

at <2% discordance). There is a gap in dates between the three youngest grains (∼108 Ma, ∼111

Ma, and ∼112 Ma) and older grains (∼127–115 Ma) that are most likely xenocrysts from nearby

plutons. As such, we report the weighted average average of the youngest three concordant grains:

109.9 ± 4.0 Ma (Figure 1.8). Both the dike and the AFS are cut by NW-striking sinistral faults

parallel to the younger Taltal fault system (Mavor et al., 2020).
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1.4.3 Central El Salado Segment (26.6◦S to 27◦S)

The central El Salado segment near the Mantoverde mine is defined by the southern extent of

the eastern branch extending down from the northern El Salado map region and a fault east of the

eastern branch, here called the Salitrosa branch. The Salitrosa branch is clearly exposed through

the area (Figure 1.9). The volume of Early Cretaceous plutons exposed along the central El Salado

segment is much larger than the exposure of Early Cretaceous plutons along the northern El Salado

segment, and the width of the mylonite zone along the Salitrosa branch is correspondingly much

wider (Figure 1.9, Figure 1.10). The eastern branch is mapped as a single structure that juxtaposes

Early Cretaceous plutons for∼67 km (64%) of its exposed length, including the Las Animas, Cerro

Moradito, and Las Tazas plutons on the west against La Negra volcanics, Cerro Morado pluton,

and Chañaral Complex metasedimentary rocks between the two branches (Godoy and Lara, 1998;

Lara and Godoy, 1998, this work). Large stretches of the eastern branch are covered by alluvium

(Figure 1.9, Figure 1.10). The Salitrosa branch has an ∼30 km long map trace and juxtaposes

the previously mentioned lithologies against Chañaral Complex metasedimentary rocks, La Negra

volcanics, and the Early Cretaceous Sierra Dieciocho pluton (∼127 Ma, Dallmeyer et al., 1996,

Figure 1.9). Early Cretaceous plutons are exposed along the Salitrosa branch for 23 km (76%) on

the eastern side and 17 km (57%) on the western side (Lara and Godoy, 1998, this work).
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34



70
48

00
0 

m
 N

70
46

00
0 

m
 N

368000 m E 370000 m E 372000 m E

54
83

67

65
78

35 40
63

79

84

76

80

78

58

83

78

81

87

63

69

40

79 87 66 85 75

84
86

35

76

86

65

75

58

84

72
85

75

82 85

37

28

82 60

7483

84

78
75

42
62

78

86 48 69

20

68
3854

38

78

86
85

73

77

56

80

85

70

45
75

70

71

74

83
86

85

28

05

07

21

27
10

16

0913

17

33

26

38

23

11

19

28
03 38

40

25

16
29

22

13

08

32

28

18

08

04

29

75

69

78

59

40

73

64

21

47

72
60

58

30

22

42
39

63
80

23

64

16
43

54
44

31

87
21

Sa
lit

ro
sa

 b
r a

nc
h  

Ea
st

er
n 

br
an

ch

181-N76
181-N67

181-N44

171-N37d

161-89

171-G229

171-G200

161-87

Mylonite

Hydrothermal alteration/
damage zone

Mylonitic foliation and 
lineation

Fault plane and 
slickenlines

Alluvium

Bt Hbl Tonalite-Qtz Diorite (~109-104 Ma)

Sierra Dieciocho Tonalite (~127 Ma)

Las Tazas Granodiorite (~132 Ma)

Hbl Qtz Diorite (~136 Ma)

Andesitic Volcanics (Early Cretaceous)

Metasedimentary rocks (Triassic)

Las Animas Qtz Diorite (160-150 Ma)

Porphyroblastic Granite (~244 Ma)

Hypabyssal Dacitic Stock

59

40

62

32

1 km

Major Fault

Andesitic/Dacitic Dike

Figure 1.10: New detailed mapping south of the Mantoverde mine. Note the extent of the mylonitic shear zone surrounding the Salitrosa branch.
Yellow stars show new U-Pb samples from this study. See Plate 1 for 1:20,000-scale version.

35



A well-foliated mylonitic biotite quartzofeldspathic schist (sample 171-N37d; Figure 1.11b)

previously mapped as a part of the Las Tazas pluton along the western margin of the Salitrosa

branch (Lara & Godoy, 1998) yielded zircon U-Pb data with a wide spread of concordant dates

(∼238–2564 Ma) rather than a single coherent population (Appendix 3.6). This date spectrum

is consistent with a sedimentary protolith rather than an igneous protolith. These data do not

include a population of three young grains overlapping at 2σ error, so we do not report a maximum

depositional age for this unit.

Pre-Cretaceous plutons along the central El Salado segment are either entirely unstrained or

protomylonitic with discrete high-strain zones. The oldest pluton is a porphyritic granite (sample

181-N44) with a zircon U-Pb date of 245.4 ± 1.8 Ma (Figure 1.12, n = 31/32; MSWD = 4.6)

located just west of the cataclastic zone along the Salitrosa branch. The deformation in this gran-

ite varies from unstrained to protomylonitic with large, rounded plagioclase grains aligned in a

biotite-rich matrix that defines a steeply ESE-dipping foliation (Figure 1.12, Figure 1.13). Lo-

cally bleached discrete high strain zones are present. In contrast, Early Cretaceous plutons are

pervasively strained (Figure 1.12). Volumetrically, the most important plutons east of the Salitrosa

branch of the AFS are hornblende quartz diorite (sample 181-N76), high-strain tonalite (sample

161-89), and the Sierra Dieciocho pluton (Figure 1.9). 181-N76 is a coarse-grained quartz diorite

with euhedral plagioclase and hornblende that becomes protomylonitic as it approaches the AFS.

This sample has a number of zircon grains that plot along a common-Pb array and has a lower

intercept date of 134.5 ± 2.0 Ma (MSWD = 6.8; Figure 1.12) and weighted mean date of 135.6 ±

1.5 Ma (n = 15/15; MSWD = 5.9). North of this pluton, a high-strain mylonitic to ultramylonitic

hornblende granodiorite represented by sample 161-89 has a zircon U-Pb date of 132.1 ± 1.9 Ma

(n = 19/21; MSWD = 5.3) and a ZHe date of 96.2 ± 5.7 Ma (Figure 1.9, Figure 1.10, Figure 1.12)

that matches the emplacement age of the Las Tazas granodiorite (132–130 Ma; Berg and Bre-

itkreuz, 1983; Dallmeyer et al., 1996). Asymmetric porphyroclasts, S-C fabrics, and dynamically

recrystallized oblique quartz grain shape fabrics record solid-state, sinistral shear strain in the Las

Tazas pluton (sample 161-89; Figure 1.12). On the eastern margin of the Salitrosa branch, sinistral
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shear is recorded in the protomylonitic Sierra Dieciocho pluton (∼127 Ma; Dallmeyer et al., 1996)

by S-C-C’ fabrics, asymmetric porphyroclasts, and antithetic domino rotation of brittle feldspar

(Figure 1.10a). In addition to these plutons, mylonites are well developed in metasedimentary

rocks located along either side of the brittle core of the AFS. The average orientation of mylonitic

foliations across all units in this study area is 018, 81 E with an average lineation of 016/04 (Fig-

ure 1.13). Lineations west of the fault generally plunge NNE and lineations east of the fault gener-

ally plunge SSW. 20% of lineations on either side of the fault plunge 20–30◦ and 20% plunge >30◦,

which implies a minor component of dip-slip motion during ductile deformation. The difference

in plunge directions across the Salitrosa branch and preservation of Early Cretaceous volcanics on

both sides of the fault indicate dip-slip motion was minor, and suggests a similar structural level

across the fault.

Several dacitic and andesitic dikes cut mylonitic fabrics, including a ∼12–20 m wide dacite

dike that lines the western side of the fault for ∼3 km (Figure 1.11d), and are in turn cut by the

∼005◦-trending brittle core of the Salitrosa branch, located near the central axis of the∼6 km-wide

mylonite zone (Figure 1.10). The dacitic and andesitic dikes are represented by sample 171-G200

with a zircon U-Pb date of 119.7 ± 0.9 Ma (n = 35/37; MSWD = 2.8) and sample 171-G229 with

a zircon U-Pb date of 117.1 ± 0.9 Ma (n = 37/38; MSWD = 3.2; Figure 1.12). These crosscutting

relationships indicate that the dikes were emplaced after the cessation of AFS mylonitization but

prior to the cessation of brittle slip. The average orientation of the principal slip surface of the

Salitrosa branch is 006, 80 E with slickenlines oriented 176/25 (Figure 1.13). Small-scale faults

parallel to the main traces of the AFS (strike 345–015◦) are steeply dipping (average 78 E) with

an average slickenline orientation of 019/27. NW-trending structures (strike 315–345◦) also have

steep dips (average 87 E) and shallow slickenlines with an average orientation of 349/06. These

faults parallel the Mantoverde fault, interpreted as a relay between branches of the AFS (Figure 1.9;

Vila et al., 1996).

The ∼109 Ma to 104 Ma plutons in this area are entirely unstrained. Samples 161-87 and 181-

N67 are both fresh biotite-hornblende tonalite to quartz diorite with clear intrusive contacts with
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neighboring plutons and retain an equigranular texture (Figure 1.12). An unstrained, fresh biotite-

hornblende tonalite with Tera-Wasserburg lower intercept dates 108.8 ± 2.8 Ma (sample 161-87;

n = 23; MSWD = 3.6) and 104.1 ± 2.9 Ma (sample 181-N67; n = 17; MSWD = 1.5; Figure 1.12)

clearly cuts mylonitic fabrics, but does not directly interact with the Salitrosa branch of the AFS.

The La Borracha pluton (sample 181-N103) south of the Mantoverde mine is unstrained, preserv-

ing equigranular textures and randomly oriented hornblende. The La Borracha pluton has a U-Pb

date of 107.1± 0.9 Ma (Figure 1.12, n = 26/27; MSWD = 4.5). The western margin of the La Bor-

racha pluton is mapped as a 350–500-m wide mylonite zone for ∼32 km along the eastern branch

AFS (Lara and Godoy, 1998); however, our mapping documents biotite and plagioclase-rich hy-

pabyssal intrusive or subvolcanic rocks along a ∼6-km long, ∼2.1-km wide zone with subvertical

NNE-striking foliation with a lineation plunging steeply south (Figure 1.9, Figure 1.13). These

fabrics are magmatic foliations rather than mylonites and are cut by the unstrained La Borracha

pluton. Mylonites derived from a plutonic protolith are only found on the western margin of the

shear zone, and petrographic analysis suggests they are derived from the older Early Cretaceous

Cerro Morado pluton rather than the La Borracha pluton.

1.5 Discussion

1.5.1 Region-Specific Trends

Paposo Segment

A compilation of plutonic and volcanic K-Ar, 40Ar/39Ar, and U-Pb geochronologic data along

the southern Paposo segment records two peaks of magmatic activity (Figure 1.14): minor peaks at

235–220 Ma and 180–170 Ma and a broad peak from 155–125 Ma with individual peaks centered

on∼147 Ma and∼130 Ma. Most of the data that comprise the peak centered at∼147 Ma are con-

centrated in the Desplazado plutonic complex (151–142 Ma) and Izcuña quartz diorite (144–140

Ma) located between the Pacific coast and AFS, whereas the ∼130 Ma centered peak is comprised

of the Remiendos Plutonic Complex located along the eastern margin of the AFS. These plutons
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Figure 1.13: Equal-area stereograms of brittle faults (left) and mylonitic foliations (right) from the cen-
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(slickenlines, lineations). Average orientations are given by bold great circle (faults, foliations) and larger
composite dots (slickenlines, lineations).

are voluminous along the Paposo segment and constitute the majority of exposed rock in the Puerto

Posallaves 1:100,000-scale quadrangle (Álvarez et al., 2016).

Near Caleta Paposo, the western side of the Paposo fault is dominated by a pervasively fractured

and chlorite-altered but otherwise unstrained ∼178 Ma Yumbes tonalite and a sinistral shear zone

is developed on the eastern side in the protomylonitic ∼136 Ma Remiendos hornblende tonalite

and a mylonitic granodiorite complex. Ruthven et al. (2020) document the onset of ductile defor-

mation ∼139 Ma based on mylonitization and hydrothermal alteration of a ∼148–139 Ma gran-

odiorite complex. A ∼136 Ma protomylonitic tonalite unit located within the shear zone between

the brittle fault core and high-strain zone lacks mafic dikes and intense hydrothermal alteration

(Figure 1.2, this study; Figure 2a of Ruthven et al., 2020), indicating that most shear zone devel-

opment occurred between ∼139 and 136 Ma (Figure 1.14). Mylonitization locally continued until

Early Cretaceous plutons cooled below biotite Ar closure (∼133–128 Ma; Hervé and Marinovic,

1989; Álvarez et al., 2016) and progressed from oblique sinistral-reverse shear and local coaxial

strain in mylonites east of the Paposo fault to brittle sinistral and sinistral-reverse slip along the
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fault between 139 Ma and 116 Ma, and illite-rich gouge most likely developed along the Paposo

fault by ∼116 Ma based on ZHe data (Ruthven et al., 2020). The youngest plutons in this region

were emplaced at∼125 Ma and ZHe dates indicate cooling below∼180◦C between∼116–107 Ma

(Figure 1.14). The duration of AFS deformation, bracketed by the initiation of ductile deformation

and the transition to brittle slip by ZHe dates, was ≥23 Myr and spanned two phases of pluton

emplacement. The similarity of ZHe dates between the Yumbes tonalite and Remiendos Complex

both near Cerro Paranal and Caleta Paposo (∼116 Ma and ∼107 Ma; Figure 1.14) and absence of

ductile fabrics in the Yumbes tonalite suggests that while the two plutons were likely in contact

during the Early Cretaceous, ductile conditions were not realized in the older, colder, and stronger

Yumbes tonalite and were concentrated in the younger, hotter and therefore weaker eastern plu-

tonic complexes. Alternatively, Ruthven et al. (2020) document a minor E-side up component of

reverse slip on the Paposo segment, suggesting the east side was structurally deeper during my-

lonitization and thus may have been hotter due to its position at a deeper structural level. Neogene

E-side down reactivation (e.g., González et al., 2006) would have restored some—but probably not

all—of this difference in structural level.

Northern El Salado Segment

The new dates obtained along the northern El Salado segment fall into two broad groups: an

older ∼200–185 Ma peak and a broad peak from 150–120 Ma with individual peaks centered at

∼140 Ma and ∼130 Ma, and a minor peak from 115–100 Ma (Figure 1.14). Jurassic plutons

including the Cerro Concha Granodiorite (∼196 Ma) comprise the oldest peak and occur along the

eastern flank of the AFS. The broad 150–120 peak includes the Quezada Intrusive Complex (153–

147 Ma), Goyenechea Granodiorite (∼140 Ma), and Cerro del Pingo Complex (132–119 Ma). The

youngest plutons are the Tropezón Plutonic Complex (∼110 Ma), and Librillo Intrusive Complex

(106–101 Ma), which occur largely along the Taltal fault system ≥10 km east of the AFS.

Along the northern El Salado segment, Jurassic tonalite boudins such as sample 181-S228

(Figure 1.7) lack mylonitic and magmatic fabrics, indicating mylonitic deformation of Chañaral

Complex metasedimentary rocks occurred after 154 Ma. U-Pb zircon dates of mylonitic and non-
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Figure 1.14: Time (vertical axis) vs. N-S trend (horizontal axis) diagram summarizing geochronologic data,
thermochronologic data, deformation, and tectonic events along the southern Paposo, northern El Salado,
and central El Salado segments. In the Magmatic column, kernel density estimate plots of our new dates
compiled with published plutonic and volcanic zircon U-Pb data are shown in red. Plots were constructed
with a bandwidth of 3 and a bin width of 5. Curves with n ≥ 5 dates are considered major peaks and curves
with 1 < n < 5 are considered minor peaks. Individual data points in the Magmatic column are zircon U-
Pb dates with 2σ error bars. Black points are pre-kinematic, medium gray points are synkinematic in the
ductile regime, light gray points are synkinematic in the brittle regime, and white points are post-kinematic.
In the Deformation column, duration of deformation determined by field relationships is shown in the red
bar, with ductile deformation noted by the wavy pattern and brittle deformation noted by the block pattern.
In the Cooling column, curves are hornblende K-Ar and 40Ar/39Ar (blue) and biotite K-Ar and 40Ar/39Ar
dates (green) from published literature. Individual data points in the Cooling column are zircon (U-Th)/He
dates with 2σ error bars. Sources of published data are given in Appendix 3.6. Individual data point sources:
1-Ruthven et al. (2020); 2-Mathur et al. (2002).
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mylonitic tonalite (samples 188-S158 and 181-S55, respectively; Figure 1.7, Figure 1.14) indicate

that ductile conditions initiated and localized along the AFS by ∼132 Ma and continued locally as

late as ∼119 Ma. The onset of ductile deformation is younger here compared to the Paposo seg-

ment, likely due to the lack of a voluminous ∼139–136 Ma magmatic pulse along the northern El

Salado segment. Al-in-hbl barometry on the Cerro del Pingo pluton records emplacement depths

at 6–10 km (Kurth, 2002). Recent studies show these estimates should be treated as maximum

values rather than true emplacement depths (e.g., Memeti et al., 2009; Putirka, 2016), supporting

intrusion of Early Cretaceous plutons at shallow crustal levels. Mylonitic shear zones vary in width

from ∼200–800 m thick near the center of the Cerro del Pingo Complex, including up to ∼400 m

into the pluton itself, and are continuous along the northern El Salado segment for ∼18 km. Strain

gradients preserved along the Cerro del Pingo Complex in both the Early Cretaceous plutons and

Paleozoic metasedimentary rocks are especially clear in the quartzites, which retain rounded detri-

tal grains or have undergone static recrystallization everywhere except along the margins of Early

Cretaceous plutons suggesting the background temperature prior to intrusion of the Cerro del Pingo

Complex was below the threshold for quartz crystal plastic deformation. Metasedimentary rocks

intruded by Early Cretaceous plutons but not located adjacent to the AFS are statically recrystal-

lized but not mylonitized, suggesting both the heat brought in by the emplacement of these plutons

and proximity to the actively shearing AFS were necessary for mylonitization. Variable zircon U-

Pb, hornblende 40Ar/39Ar, and biotite K-Ar dates in plutons that all have ZHe dates in the range of

107–99 Ma suggest the entire northern el Salado segment was below ∼300◦C but above ∼180◦C

prior to Early Cretaceous magmatism. Adjacent to and within the plutons, the temperature ex-

ceeded the lower limit of quartz plasticity (∼280–310◦C in strike-slip regimes; Stöckhert et al.,

1999; Stipp et al., 2002) during the Early Cretaceous and then cooled through ∼180◦C by ∼100

Ma (Figure 1.14). The age of the transition from ductile to brittle deformation along the northern

El Salado segment is not well constrained, but the similarity of closure temperatures for biotite

40Ar/39Ar thermochronometers (310–345◦C; Harrison et al., 1985) to the brittle-plastic transition

temperature in quartzofeldspathic rocks approximates cooling to brittle conditions in the mylonitic
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granitoids at 130–127 Ma (Espinoza et al., 2014), though the ∼119 Ma date described above indi-

cates mylonitic deformation continued locally after that time where younger magmatism occurred.

Cataclastic deformation along strike of the AFS but away from this plutonic complex was likely

coeval with ductile deformation. Kinematic similarity between sinistral mylonitic fabrics and brit-

tle faults including an ∼7◦ clockwise angle between the average mylonitic fabric (359, 89 E) and

average eastern branch brittle fault orientation (172, 89 W) supports synkinematic emplacement of

the Cerro del Pingo pluton during progressive sinistral strike-slip strain (Figure 1.5). ZHe dates of

∼107–99 Ma indicate cooling below 180◦C∼17–25 Myr after the intrusion of the youngest pluton

(Figure 14) and the latest-kinematic andesite dike near Taltal clearly documents the ending stages

of brittle slip on the AFS by∼110 Ma (Figure 1.8). The duration of deformation in the area is thus

∼23 Myr.

Central El Salado Segment

Magmatism along the central El Salado segment includes a minor pulse centered at ∼150 Ma,

and a broad pulse from ∼140–105 Ma with individual peaks centered at ∼130 Ma and ∼117 Ma

(Figure 1.14). The Las Animas pluton makes up the ∼150 Ma peak and is mapped along the

western margin of the AFS (Lara & Godoy, 1998). Early Cretaceous plutonism is associated with

an ∼6-km-wide mylonite zone. The ∼136 Ma hornblende quartz diorite is largely unstrained, al-

though it has a protomylonitic margin where it comes into contact with the high-strain Las Tazas

granodiorite and surrounding metasedimentary rocks, suggesting it may be either (a) pre-kinematic

or (b) earliest synkinematic with a narrow strain gradient due to its relatively strong rheology. Other

synkinematic plutons include the Cerro Morado (135–130 Ma; Arévalo, 1995) and Las Tazas (132–

130 Ma; Grocott and Taylor, 2002), both mapped along the eastern branch of the AFS through this

region. Grocott and Taylor (2002) interpret the mylonitic eastern margin of the Las Tazas pluton

to record emplacement during AFS deformation. The development of mylonites in this pluton

suggests that the Las Tazas records most of the duration of AFS displacement, whereas the pro-

tomylonitic Sierra Dieciocho pluton (∼127 Ma; Dallmeyer et al., 1996) is less strained despite its

similar mineralogy and inferred rheology, suggesting that the Sierra Dieciocho records a shorter
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duration of mylonitization. The consistent sinistral shear sense indicators and 11◦ clockwise an-

gle between the average mylonitic fabric and average brittle fault orientations are kinematically

compatible with a continuous evolution from ductile to brittle behavior during progressive strain

(Figure 1.13).

The second pulse of Early Cretaceous magmatism was post-mylonitic. Younger∼119–117 Ma

andesite dikes cut mylonitic fabrics and are in turn cut by AFS-related brittle faults, indicating a

shift to brittle deformation after ∼13 Myr of mylonitization (Figure 1.14). The age of the brittle

core of the central El Salado segment is constrained by a ∼116 Ma Re-Os date of mineralized

breccias located along the Mantoverde fault (Mathur et al., 2002), a relay structure that connects

the eastern and Salitrosa branches of the AFS (Vila et al., 1996). The youngest plutons in the

area—the La Borracha, San Juan, Chivato, Remolino, and Sierra Merceditas plutons (115–107

Ma)—intruded to the east of the Salitrosa branch. These plutons lack pervasive strain and do not

interact with the main AFS core, so while slip along the eastern branch in the northern El Salado

segment ended by ∼110 Ma, the relationship between intrusion of the young plutons and the end

of slip along the brittle Salitrosa branch is not clear. Regional cooling through 180◦C did not occur

until ∼96 Ma (Figure 1.14), after the emplacement of the La Borracha pluton (∼107 Ma) and

cessation of slip along the El Salado segment (∼110 Ma).

1.5.2 The Relationship between Magmatism and Deformation

Overall, the deformation timing and duration strongly support a coupled evolution of mag-

matism and deformation. Our new dates and analysis of published data indicate three pulses of

Coastal Cordillera magmatism: a minor pulse at 195–175 Ma, a broad pulse of magmatism along

the central ∼300 km of the AFS at 150–120 Ma, and a minor younger pulse from 120–104 Ma

(Figure 1.14). Along both the Paposo and El Salado segments, zircon U-Pb dates are typically

∼12–18 Myr older than Ar system dates for Jurassic plutons. Differences between zircon U-Pb

and Ar system dates may be a product of post-emplacement cooling or alteration, which disturbs

the Ar system. Extensive hydrothermal alteration may average that Jurassic plutons are underrepre-
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sented along the AFS; however, fresh Jurassic plutons such as the Cerro Concha granodiorite near

sample 171-N235 also record a younger Ar system date (∼177 Ma, biotite 40Ar/39Ar; Espinoza

et al., 2014) than zircon U-Pb date (∼196 Ma; this work). Thus, we interpret zircon U-Pb dates in

Jurassic plutons to record emplacement and Ar system dates to record cooling through the horn-

blende and biotite closure temperatures of ∼500◦C and 310–345◦C, respectively, for cooling rates

of 10–100◦C/Myr (Harrison, 1982; Harrison et al., 1985; Dahl, 1996; Grove and Harrison, 1996;

McDougall and Harrison, 1999). As both systems yield dates older than the Early Cretaceous plu-

tons, these cooling dates indicate that the background temperature of the Coastal Cordillera crust

was <350◦C prior to Early Cretaceous arc magmatism. Jurassic plutons lack pervasive mylonitic

fabrics along the southern Paposo and northern El Salado segments. Ruthven et al. (2020) doc-

ument mylonitic fabrics in a Latest Jurassic-Early Cretaceous (∼148–139 Ma) plutonic complex;

however, field relationships and zircon U-Pb geochronology indicate that the hydrothermal alter-

ation and deformation occurred in the Early Cretaceous. Along the northern El Salado segment,

contact aureoles with discrete shear zones are present in Jurassic plutons and the metasedimentary

rocks they intrude. Given the sensitivity of metasedimentary lithologies to penetrative strain doc-

umented along Early Cretaceous plutons, the lack of well-developed mylonite zones in and along

the margins of Jurassic plutons indicates AFS-related deformation occurred after the intrusion and

cooling of Jurassic plutons. Thus, when the Early Cretaceous plutons did intrude, the increase

in geothermal gradient and resultant crustal weakening was localized around the plutons, while

the surrounding Jurassic and metasedimentary rocks experienced a lower geothermal gradient, as

evidenced by the preserved older Ar system dates. On average, Jurassic plutons also have older

ZHe cooling dates than Early Cretaceous plutons (e.g., ∼110 Ma versus ∼100 Ma, Table 1.2;

Figure 1.14), suggesting that the along-strike thermal gradients persisted through the end of AFS

activity.

Hornblende Ar system dates in both Jurassic and Early Cretaceous plutons overlap with or are

within a few million years of the zircon U-Pb date, suggesting cooling through ∼500◦C (Harrison,

1982) shortly after pluton emplacement at shallow crustal levels. Biotite Ar system dates show
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a greater difference between the zircon U-Pb and hornblende Ar system dates indicating slower

cooling between ∼500◦C and ∼310◦C most likely due to elevated geothermal gradients in the arc.

In the Remiendos Complex along the Paposo segment, biotite Ar system dates are uniformly∼129

Ma while the zircon U-Pb dates are ∼140–129 Ma, recording prolonged elevated temperatures

associated with repeated pulses of pluton emplacement until magmatism ended and the area cooled

through 310–345◦C at ∼129 Ma. Ar system dates for the Las Tazas and Sierra Dieciocho plutons

along the central El Salado segment (∼131 Ma and∼126 Ma, hornblende and biotite, respectively)

overlap the zircon U-Pb dates (∼131 Ma and 127 Ma), which indicates rapid post-emplacement

cooling through 310–345◦C. Ductile deformation was spatially and temporally associated with the

sustained Early Cretaceous magmatic peak, and ended soon after the emplacement of the youngest

Early Cretaceous plutons (∼119 Ma). Brittle faults overprint mylonitic fabrics (Figure 1.11c) and

record a transition from ductile to brittle deformation, which we attribute to cooling of the arc

during progressive sinistral deformation along the AFS. These results refute the idea that distinct

stages of motion within the arc are only loosely related to pluton emplacement (e.g., Scheuber and

Andriessen, 1990; Scheuber and Gonzalez, 1999) and instead suggest that repeated emplacement

of high temperature-low pressure Early Cretaceous plutons produced a high geothermal gradient in

the arc that significantly thermally weakened the crust and played a critical role in facilitating the

development of an intra-arc fault system (e.g., Beck, 1983; de Saint Blanquat et al., 1998; Scheuber

and Reutter, 1992; Cao et al., 2015).

As the frequency and volume of intrusions waned and the magmatic peak tailed off, ductile de-

formation transitioned to brittle deformation as elevated geothermal gradients and crustal isotherms

relaxed. The youngest pulse of Coastal Cordillera magmatism spans from 120–104 Ma and is

found primarily along the central El Salado segment. Field relationships clearly show that slip

along the AFS was in its final stages by ∼110 Ma, just before the intrusion of the last arc plutons

(∼109–104 Ma). The similarity of zircon U-Pb, hornblende Ar system, and biotite Ar system in

the post-120 Ma plutons such as the La Borracha suggests elevated intra-arc gradients relaxed as

magmatism waned. Our cooling dates most likely record the relaxation of elevated isotherms as
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geothermal gradients went from ≥50◦C/km in plutons at ∼130 Ma to a more standard ∼30◦C/km

gradient by 100 Ma as magmatism waned. As it is unlikely that the geothermal gradient fell be-

low 30◦C/km, 180◦C at 100 Ma implies a depth of 5–6 km. This value is in line with maximum

pluton emplacement depths derived from Al-in-hbl barometry (Dallmeyer et al., 1996; González,

1996; Kurth, 2002). Published 113–100 Ma apatite fission track dates (Maksaev, 1990; Gana and

Zentilli, 2000) and our ∼116–96 Ma ZHe dates (Figure 1.14) postdate the crystallization age of

the youngest intrusion at all sites and indicate cooling of the arc was coeval with the end of slip

along the AFS (e.g., Brown et al., 1993). In addition, the cessation of slip along the AFS broadly

corresponds with a shift to transpressive crustal shortening recorded by a regional unconformity

(Scheuber et al., 1994), the transition to slip along NW-striking fault systems such as the Taltal

fault (Arabasz, 1971; Mavor et al., 2020), and westward acceleration of the South American plate

due to the final breakup of South American and Africa during the opening of the South Atlantic

(Seton et al., 2012; Maloney et al., 2013; Granot and Dyment, 2015). Together this suggests the

end of slip along the AFS may be related to changing plate motion that resulted in a shift from

SE-directed to NE-directed convergence (e.g., Seton et al., 2012; Maloney et al., 2013), uplift and

erosion of the continental margin, eastern migration of the magmatic arc, and development of both

a wide forearc and continental foreland basin (Coira et al., 1982). We propose that this plate mo-

tion reorganization at the end of the Early Cretaceous is linked to both abandonment of the Coastal

Cordillera arc and cessation of slip along the AFS.

1.5.3 Thermal Weakening of the Crust due to Arc Magmatism

Increased geothermal gradients in and around Early Cretaceous plutons facilitated ductile strain

by thermally weakening the crust (Figure 1.15). The peak strength of the crust, where the highest

differential stresses are supported, occurs at the brittle-plastic transition (BPT; e.g., Sibson, 1983;

Handy and Brun, 2004), typically defined as the intersection between frictional sliding criteria

(Byerlee, 1978) and dislocation creep flow laws (e.g., Hirth et al., 2001). The depth to the BPT

is highly dependent on temperature and strain rate, which ranges from 10−11 to 10−15 s−1 in most
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shear zones (e.g., Pfiffner and Ramsay, 1982; Carter and Tsenn, 1987; Behr and Platt, 2014). We

calculated a crustal strength profile for the AFS assuming quartz-controlled rheology based on the

Hirth et al. (2001) quartzite flow law, hydrostatic fluid pressure Sibson (1992) and water fugacity

(values calculated using Pitzer and Sterner, 1994, and Withers, 2013), and typical frictional sliding

criteria (Byerlee, 1978) for a strike-slip faulting regime with a stress ratio of 0.5 (that is, neither

transpressional nor transtensional with σ2 halfway between σ1 and σ3). While some of these as-

sumptions may not be entirely correct in detail, our aim is to evaluate the relative magnitude of

stress change associated with geothermal gradients rather than accurately predicting peak stresses.

At typical shear zone strain rates of 10−13 s−1 to 10−14 s−1 and a geothermal gradient of 30◦C/km,

the BPT occurs at depths of 9.5–12 km with maximum differential stresses of 120–170 MPa (Fig-

ure 1.15). However, when the geothermal gradient is increased to conditions typical of magmatic

arcs (50◦C/km), the BPT shallows to 6–7 km and the maximum differential stress drops to 75–125

MPa, a ∼38% reduction in peak crustal strength. Even a more moderate increase in geothermal

gradient to 35◦C/km produces a 12–16% reduction in strength, with the BPT at 8–10 km and 100–

150 MPa. These values agree with data from the Tonale shear zone that record a peak strength of

139 ± 31 MPa at ∼9 km depth in the thermal aureole of a pluton with a geothermal gradient of

∼32◦C/km (Stipp and Kunze, 2008). Al-in-hbl barometry along the southern Paposo segment and

El Salado segment gives maximum pluton emplacement depths of 6–10 km. Cooling dates indicate

the plutons were at a minimum depth of 5 km at ∼100 Ma assuming the geothermal gradient re-

laxed to 30◦C/km (Figure 1.15) and that AFS dip-slip motion was relatively minor, which matches

the predicted ∼5–7 km depth to the Early Cretaceous BPT for a geothermal gradient of 50◦C/km.

These gradients are similar to those documented along the Caleta Coloso fault at the northern end

of the Paposo segment, where previous geothermobarometric, dating, and fluid inclusion studies

suggest pluton emplacement as well as ductile and brittle deformation occurred prior to 118 Ma in

a thinned intra-arc crustal zone with a geothermal gradient in excess of 50◦C/km (Herrera et al.,

2005; Arancibia et al., 2014; González, 1999; Mitchell et al., 2017).
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Figure 1.15: Left: Crustal strength profile showing the thermal softening effects of 50◦C/km (red) and
35◦C/km (yellow) geothermal gradients compared to a 30◦C/km (blue) geothermal gradient. An envelope
of values is presented for each geothermal gradient by varying the strain rate within typical values from
10−13 s−1 to 10−14 s−1. Shaded gray envelope shows the range of brittle frictional sliding behavior. Green
bar represents the 6–10 km depth of emplacement of Early Cretaceous plutons (Dallmeyer et al., 1996;
González, 1996; Kurth, 2002). Right: Schematic diagram showing the deflection of isotherms around a
tabular pluton with geothermal gradients of 50◦C/km, 35◦C/km, and 30◦C/km. Note the shallowing and
compression of isotherms due to heat flow from pluton emplacement (e.g., Murray et al., 2018).
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Crustal strength may also be greatly reduced by fluid-rock reactions that alter and break down

feldspar into secondary phyllosilicates or fine-grained polyphase mixtures of quartz and clays (e.g.,

Janecke and Evans, 1988; Wintsch et al., 1995; O’Hara, 2007; Marsh et al., 2009; Collettini et al.,

2019; Stenvall et al., 2019). Fluid-rock interactions are promoted by the release of magmatic fluids

exsolved from crystallizing plutons, converting strong phases such as feldspar to fine-grained phyl-

losilicates, introducing intragranular water-related defects, and resulting in hydrolytic weakening

(e.g., Tullis and Yund, 1989; Hirth and Tullis, 1992; Post et al., 1996). The extensive alteration

of the Jurassic plutons and local alteration of Early Cretaceous plutons indicates significant fluid

flow through the Coastal Cordillera, and support the idea that reaction softening and hydrolytic

weakening could have played a role in reducing the strength of the crust along the AFS corridor.

Considering these effects together, we suggest the spatially heterogeneous Early Cretaceous pluton

emplacement facilitated significant along-strike variations in crustal strength.

In such a rheologically heterogeneous crust, strain would more easily localize in thermally

weakened areas (e.g., Jaquet and Schmalholz, 2018), thereby setting up a highly segmented fault

system. Individual segments of the El Salado segment do not run the full length between Taltal and

La Serena. Rather, the lengths of mapped fault traces at 1:100,000-scale approximately correlate to

the percentage of Early Cretaceous plutons: >160 km along the southern Paposo segment (∼23%

Early Cretaceous plutons; Escribano et al., 2013; Álvarez et al., 2016), ∼130 km and ∼180 km

traces of the eastern and western branches along the northern El Salado segment (∼32% and∼49%

Early Cretaceous plutons, respectively; Godoy and Lara, 1998; Lara and Godoy, 1998; Escribano

et al., 2013; Espinoza et al., 2014), and a ∼30 km continuous trace along the Mantoverde segment

(∼76% Early Cretaceous plutons; Lara and Godoy, 1998). Fault segments linked as strain along

these initial segments propagated out into the cooler, stronger crust surrounding the Early Creta-

ceous plutons. Segments with a greater volume of synkinematic plutons record more distributed

strain and evolved to brittle fault zones later in their history; however, the AFS never evolved to a

mature fault system where slip was concentrated along one regional-scale fault.
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1.6 Conclusions
Mapping and structural measurements along the southern Paposo segment and northern and

central El Salado segments of the Atacama fault system (AFS) document mylonitic shear zones

spatially and temporally associated with Early Cretaceous plutons that transition to brittle behavior

during progressive strain. Sinistral ductile shear along the AFS initiated with the emplacement of

synkinematic Early Cretaceous plutons between∼139 Ma and∼131 Ma. Ductile deformation was

spatially and temporally associated with sustained Early Cretaceous magmatism and ended soon

after the emplacement of the youngest synkinematic plutons (∼119 Ma). Areas along the AFS

with a greater volume of Early Cretaceous plutons record wider mylonite zones and evolved to

brittle faults later in their history. Postmylonitic intrusions range in age from 119–107 Ma, and a

∼110 Ma andesitic dike records the end of the brittle slip on the AFS.

New zircon U-Pb and (U-Th)/He dates coupled with previously published data demonstrate

that magmatism in the Coastal Cordillera occurred in three primary pulses: a minor Late Juras-

sic pulse (195–175 Ma), broad Early Cretaceous pulse from 150–120 Ma, and a younger pulse at

120–105 Ma. Ar system dates in Jurassic and Early Cretaceous rocks are systematically younger

than zircon U-Pb dates, indicating the background temperature of the Coastal Cordillera crust was

<350◦C prior to Early Cretaceous arc magmatism. Strain gradients in the rheologically weak Pa-

leozoic metasedimentary rocks surrounding shallowly-intruded Early Cretaceous plutons indicate

arc magmatism thermally weakened the crust by locally elevating geothermal gradients, facilitat-

ing AFS deformation by enabling mylonitization to occur at ∼5–7 km depths and low differential

stress. Reaction softening and hydrolytic weakening could have further reduced the strength of the

crust along the AFS corridor, creating significant along-strike variations in crustal strength that set

up a segmented system that never evolved into a single regional-scale fault.

The cessation of slip along AFS was broadly coeval with the abandonment of the magmatic

arc and cooling of the Coastal Cordillera below ∼180◦C as plate motion reorganization at the

end of the Early Cretaceous likely resulted in a shift in convergence direction. 116–96 Ma ZHe

cooling dates most likely record the relaxation of elevated isotherms from ≥50◦C/km at ∼130 Ma
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to ∼30◦C/km gradient by 100 Ma as magmatism migrated eastward and the effects of thermal

weakening along the Coastal Cordillera subsided.
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Chapter 2

Early Cretaceous Magnitude, Timing, and Rate of

Slip along the El Salado Segment

Summary
The Atacama fault system (AFS) is a crustal-scale sinistral structure that accommodated oblique

convergence in the Early Cretaceous Coastal Cordillera arc. Displacement estimates along this

∼1,000 km-long fault system vary widely due to a lack of clear piercing points. We mapped

the northern ∼70 km of the El Salado segment, documenting the distribution of arc plutons and

kinematics of deformation to establish the slip history of the AFS. Petrology, geochemistry, and

geo/thermochronology were used to characterize and correlate pre-, syn-, and post-kinematic plu-

tons, and structural data were analyzed to understand progressive changes in the style of deforma-

tion. Mylonitic fabrics uniquely associated with the synkinematic ∼134–132 Ma Cerro del Pingo

Plutonic Complex are sinistrally separated by 32–38 km along the eastern branch, whereas my-

lonites associated with a synkinematic ∼119 Ma tonalite are sinistrally separated by 22–24 km.

We propose that the synkinematic plutons and associated mylonites are offset markers that record

ductile to brittle displacement along the eastern branch of the El Salado segment. A chain of

leucocratic granites and hypabyssal intrusions are sinistrally separated across the western branch

of the AFS by ∼14–18 km, giving a total slip magnitude of ∼50 ± 6 km across the El Salado

segment. Brittle fault slip indicators across all branches consistently record sinistral shear with a

minor dip-slip component, and a latest-kinematic dike captures the ending stages of AFS slip at

∼110 Ma. Displacement along the El Salado segment occurred almost entirely between ∼133 and

∼110 Ma at an average slip rate of ∼2.0–2.5 km/Myr. This slip rate is low compared to other

modern intra-arc strike-slip faults, suggesting the segmented nature of the AFS inhibited efficient
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slip localization, or plate convergence rates or obliquity may have been significantly lower than

previously modeled.

2.1 Introduction
Plate motion across most subduction zones is oblique (>22◦ from normal to the plate bound-

ary) and partitioned between slab underthrusting and upper-plate lateral transport (Jarrard, 1986;

Woodcock et al., 1986)2. Lateral transport of forearc slivers may be achieved through oblique un-

derthrusting or partitioned between underthrusting, distributed forearc deformation, and/or along

crustal-scale strike-slip faults, with strike-slip faults dominating at margins where interplate cou-

pling between a subducting oceanic slab and overriding continental plate is strong (Fitch, 1972;

Jarrard, 1986). While the dynamics of oblique convergence have been studied from a modeling

perspective (e.g., Tikoff and Teyssier, 1994; Teyssier et al., 1995), there are relatively few studies

that have provided detailed slip histories of intra-arc strike-slip fault systems in the upper plate of

a subduction zone.

The regional tectonic history of an area is of foremost importance when studying oblique con-

vergence, as changes in convergence angles over time will directly affect the distribution of strain

(e.g., Scheuber et al., 1994). In particular, the absolute motion of the overriding plate with re-

spect to the trench—which includes the magnitude and rate of slip along trench-parallel strike-slip

faults—must be known to understand subduction zone processes such as slip partitioning (Jar-

rard, 1986). There are significant variations and uncertainties in estimates of slip partitioning from

modern subduction zones based on geodesy and strain modeling. For example, the Median Tec-

tonic Line of Japan accommodates ∼25% trench-parallel motion (Loveless and Meade, 2010),

the Sumatran fault system accommodates∼33% (Tikoff and Teyssier, 1994) to∼66% (McCaffrey

et al., 2000) of trench-parallel motion, and the Liquiñe-Ofqui fault system accommodates∼75% of

modern trench-parallel motion (Wang et al., 2007). Recent work by Bradley et al. (2017) suggests

2This chapter will be submitted for publication: N.M. Seymour, J.S. Singleton, R. Gomila, S.P. Mavor, G. Heuser,
G. Arancibia, S. Williams, and D.F. Stockli, Early Cretaceous magnitude, timing, and rate of slip along the Atacama
fault system, northern Chile, in preparation.
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oblique underthrusting is important across the Sumatran trench, with up to 40% of interseismic

trench-parallel motion occurring on slab interface. While active displacement on modern intra-

arc strike-slip faults may be known from geodesy, these major structures have poorly constrained

total displacement estimates and geologic (Myr scale) slip rates. Detailed slip histories on these

modern systems are hindered by a lack of exposure, as structures such as the Sumatran fault and

Liquiñe-Ofqui fault are in heavily vegetated areas where clear bedrock piercing points are difficult

to identify. Although direct slip rates on fossil fault systems cannot be gleaned from geodetic data,

erosion to deeper levels in fossil strike-slip systems can expose piercing points, and the identifi-

cation of crosscutting relationships marking the relative timing of slip along a fault system can be

used to estimate slip rates.

The Atacama fault system (AFS), one of the best and most accessible examples of a major

intra-arc fault system, runs for ∼1,000 km through the Coastal Cordillera along the western mar-

gin of northern Chile (Figure 2.1). The AFS is a sinistral strike-slip, trench-linked structure that

formed as a result of slip partitioning during Mesozoic SE-directed oblique subduction. Unparal-

leled exposure and the presence of pre-, syn-, and post-tectonic intrusions cutting both brittle and

ductile features along the AFS provide an excellent opportunity to reconstruct slip history. Previ-

ous estimates of slip along this system are poorly constrained because no clear piercing points have

been identified across the fault system. Using detailed geologic mapping, we identify offset mark-

ers along the AFS and use crosscutting relationships, geo-/thermochronology, and geochemistry to

provide robust constraints on the timing, magnitude, and rate of slip along the El Salado segment of

the AFS. We compare these data to slip rates and partitioning estimates from other major intra-arc

strike-slip faults to understand the role of the AFS in accommodating oblique subduction.

2.2 Geologic Setting

2.2.1 Atacama fault system

Mesozoic SE-directed subduction of the Aluk (Phoenix) plate below the N-S trending South

American plate margin produced a long-lived period of arc magmatism now preserved in the
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Coastal Cordillera (Scheuber and Andriessen, 1990; Dallmeyer et al., 1996; Scheuber and Gon-

zalez, 1999; Parada et al., 2007). Lateral strain from the obliquely descending slab was partitioned

between the subducting plate and overriding South American plate along the sinistral AFS, which

is exposed in the Late Jurassic to Early Cretaceous magmatic arc for ∼1,000 km between Iquique

(20.5◦S) and La Serena (30◦S) (e.g., Naranjo et al., 1984; Scheuber and Andriessen, 1990; Brown

et al., 1993; Grocott et al., 1994; Scheuber et al., 1995; Grocott and Taylor, 2002). The timing

of AFS deformation has been tied to Coastal Cordillera magmatism and is broadly constrained to

∼140–110 Ma by crystallization and cooling ages of Coastal Cordillera granitoids (Grocott et al.,

1994; Scheuber et al., 1995; Dallmeyer et al., 1996; Ruthven et al., 2020, Chapter 1).

The AFS is comprised of three distinct fault segments: the northern Salar del Carmen, cen-

tral Paposo, and southern El Salado segment (e.g., Naranjo et al., 1984; Scheuber and Andriessen,

1990; Brown et al., 1993; Grocott and Taylor, 2002, Figure 2.1). The Paposo and El Salado seg-

ments record a progression from ductile (mylonitic) to brittle strain (e.g., Scheuber and Andriessen,

1990; Brown et al., 1993; Ruthven et al., 2020, Chapter 1). Studies of deformation along the Pa-

poso segment document steeply dipping sinistral strike-slip duplexes developed in a transtensional

regime near Antofogasta (Cembrano et al., 2005; Veloso et al., 2015) and steeply dipping sinistral

mylonitic fabrics overprinted by brittle faults developed in a transpressional regime near Paposo

(Ruthven et al., 2020). The variation in geometry and deformation style is likely due to the NNW

to NNE variation in fault orientation relative to the SE-directed Cretaceous subduction direction

(Ruthven et al., 2020). Overall, the fault system is highly segmented, with the Salar del Carmen,

Paposo, and El Salado segments each comprised of several parallel branches rather than a single

regional-scale fault (e.g., Godoy and Lara, 1998; Lara and Godoy, 1998; Escribano et al., 2013;

Espinoza et al., 2014; Álvarez et al., 2016). Of the three major segments, we focused on the north-

ern El Salado segment to take advantage of the excellent exposure of pre-, syn-, and post-kinematic

igneous units available for constraining the slip history of the AFS.
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2.2.2 The El Salado Segment

The El Salado segment represents half of the total AFS length, extending ∼490 km along the

Coastal Cordillera between Taltal (25.4◦S) and La Serena (29.9◦S). The AFS goes offshore for

∼28 km, defining the separation between the El Salado and Paposo segments, and comes back

onshore at 25.1◦S where southern end of the NNE-striking Paposo fault intersects the coastline.

This study focused on the northern half of the El Salado segment between 25.36◦S and 26.00◦S,

a well-defined segment where kilometer-scale zones of steeply dipping, sinistral mylonitic fabrics

are exposed and overprinted by brittle structures (e.g., Chapter 1). Rocks exposed along the El

Salado segment are dominantly plutons ranging in age from 210 Ma to 107 Ma, Jurassic to Early

Cretaceous La Negra and Aeropuerto volcanic and volcaniclastics, and lesser volumes of Pale-

ozoic phyllites and quartzites (Godoy and Lara, 1998; Lara and Godoy, 1998; Godoy and Lara,

1999; Godoy et al., 2003; Arévalo, 2005a; Contreras et al., 2013; Escribano et al., 2013; Espinoza

et al., 2014; Álvarez et al., 2016). Deformation along the El Salado segment is tied to activity

of the Coastal Cordilleran arc between 140–110 Ma, with Early Cretaceous plutons spatially and

temporally associated with AFS deformation. Elevated geothermal gradients thermally weakened

the crust and enabled ductile strain at shallow crustal levels, facilitating mylonitization along the

margins of Early Cretaceous plutons and surrounding metasedimentary rock. Ductile deformation

transitioned to brittle deformation with waning arc magmatism, and the cessation of slip occurred

as the arc cooled and migrated eastward at ∼116–99 Ma (Chapter 1).

The brittle Atacama fault system is composed of two well-defined, well-exposed branches that

are regionally continuous for at least 130–180 km (Lara and Godoy, 1998; Godoy and Lara, 1999;

Escribano et al., 2013; Espinoza et al., 2014), referred to as the eastern and western branches.

The eastern branch is mapped for ∼180 km along a ∼170–350◦ trend as a discontinuous trace

of two main strands each with several subsidiary faults (Lara and Godoy, 1998; Godoy and Lara,

1999; Escribano et al., 2013; Espinoza et al., 2014), locally represented by meter- to decameter-

scale chlorite- and epidote-rich cataclasite fault cores. The eastern branch appears to be the major

strand based on its continuity to the south, and separates Jurassic and Early Cretaceous plutons of

60



the Coastal Cordilleran arc and Paleozoic metasedimentary rocks of the Devonian-Carboniferous

Chañaral Complex east of the eastern branch from Lower Jurassic to Lower Cretaceous deposits

west of the eastern branch (Lara and Godoy, 1998; Godoy and Lara, 1999; Escribano et al., 2013;

Espinoza et al., 2014). The western branch is mapped for ∼130 km along a ∼350–355◦ trend on

1:100,000-scale geologic maps (Lara and Godoy, 1998; Godoy and Lara, 1999; Escribano et al.,

2013; Espinoza et al., 2014) and primarily separates Jurassic La Negra Formation volcanic and

intercalated marine deposits on the west from Lower Cretaceous Aeropuerto Formation volcanic

and volcaniclastic deposits on the east. The El Muelle fault splays off the western branch at 25.78◦S

and curves from a 340–345◦ trend at the point of divergence to a 325–330◦ trend as it enters

the Pacific Ocean at 25.41◦S. Brittle fault relays along the El Salado segment provided the fluid

pathways for many of the Chilean Iron Belt ore deposits such as the NW-trending stepover at the

Mantoverde IOCG mine (Vila et al., 1996; Rieger et al., 2010).

The AFS has been recognized as a regional-scale structure since at least 1960 (St. Amand and

Allen, 1960), yet no clear geologic offset has been identified. Estimates of sinistral displacement

magnitude along this segment range from ∼70 km to <20 km. Brown et al. (1993) proposed

∼70 km of brittle sinistral displacement along the AFS by correlating broad zones of ductile de-

formation north of Taltal with ductile shear zones located near Quebrada Pan de Azúcar. This

interpretation relies on the original continuity of the Paposo and El Salado segments, and does not

provide an estimate of slip during ductile deformation. More recent studies by Grocott and Taylor

(2002) and Chapter 1 identified AFS mylonite zones in between these segments, casting doubt on

the Brown et al. (1993) mylonite zone offset markers. Grocott and Taylor (2002) argue that the

displacement is unlikely to exceed 20 km total with no more than a few km across any individual

strand due to the discontinuous, overstepping nature of AFS fault branches. Hervé (1987b) docu-

ments ∼34 km of Early Cretaceous sinistral slip along the Izcuña fault, a subsidiary branch along

the Paposo segment, based on the offset and correlation of a ∼144 Ma granodiorite body; how-

ever, no similar offset markers have been documented along the El Salado segment even though

the entire segment has been mapped at 1:100,000 scale (Arévalo, 1995; Godoy and Lara, 1998;
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Lara and Godoy, 1998; Blanco et al., 2003; Godoy et al., 2003; Arévalo, 2005a; Welkner et al.,

2006; Arévalo and Welkner, 2008; Arévalo et al., 2009; Creixell et al., 2012; Contreras et al., 2013;

Escribano et al., 2013; Espinoza et al., 2014; Álvarez et al., 2016).

The end of slip along the AFS is most likely related to changing plate motion that resulted in a

transition to ∼E-W crustal shortening across the Taltal and Chivato fault systems and migration of

arc magmatism inboard (e.g., Arabasz, 1971; Scheuber et al., 1994; Haschke et al., 2006; Ramos

and Folguera, 2009), broadly coeval with the westward advance of the South American plate and

onset of seafloor spreading in the South Atlantic (e.g., Matthews et al., 2012; Seton et al., 2012;

Maloney et al., 2013; Granot and Dyment, 2015; Kirsch et al., 2016). The northern El Salado

segment is cut by NW-striking sinistral faults such as the Taltal fault system that offset the main

AFS strands by a total of ∼11 km (Naranjo and Puig, 1984; Espinoza et al., 2014; Mavor et al.,

2020). Near Taltal, unstrained dikes postdate slip along the eastern branch of the AFS (Mavor

et al., 2020, Chapter 1). One dacite dike with a 107 ± 9 Ma zircon (U-Th)/He cooling date

crosscuts AFS-related cataclasite derived from the Matancilla pluton and is cut by the Taltal fault

(Mavor et al., 2020). An andesitic dike with a ∼110 ± 4 Ma zircon U-Pb date crosscuts both

cataclasite and the main brittle fault strands of the eastern branch of the El Salado segment, but

is sinistrally offset by ∼147 m by one strand of the eastern branch (Chapter 1). This dike is also

cut by the Quebrada de la Peineta fault, a subsidiary strand of the NW-striking Taltal fault system

(Mavor et al., 2020). Neogene E-side-down motion has been documented along the AFS (Hervé,

1987a; González and Carrizo, 2003; González et al., 2006; Allmendinger and González, 2010);

however, this motion is absent or limited to meter-to-decimeter scale dip-slip along parts of the

northern El Salado segment (Arabasz, 1971) and does not obscure structures related to Cretaceous

sinistral slip.
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2.3 Methods

2.3.1 Field Mapping & Petrography

We expand upon the study area of Chapter 1 to include 70-km-long, 5 km-wide swath across

the El Salado segment from the Pacific Ocean at 25.36◦S to the C-119 highway at 26.00◦S in order

to identify potential offset markers across the AFS. Detailed 1:25,000-scale geologic mapping was

undertaken to understand the distribution of ductile and brittle structures related to the AFS. We

documented lithologies, and the geometry and kinematics of mylonitic fabrics and brittle faults

(Table 2.1). Classifications of plutons were determined via petrographic analysis of both hand

samples and thin sections. Samples of plutons deemed potential offset markers in the field were

collected for geochemistry and geochronology. Offset features, R- and T-fractures, and mineral

growth steps were used to determine slip sense (e.g., Petit, 1987).

Faults were classified based first on their association with either the western or eastern branch

of the El Salado segment, then their proximity to the mapped trace of the fault. Faults listed with

"Western Branch" or "Eastern Branch" include principal slip planes and parallel faults that occur

within 50 m of the mapped trace of the major AFS branches; faults labeled "AFS Parallel" occur

>50 m away from but strike ≤∼30◦ of the average orientation of the principal slip plane struc-

tures. Structural data were analyzed using Stereonet 10.1.1 (Allmendinger et al., 2011; Cardozo

and Allmendinger, 2013) and FaultKin 7.7.4 (Allmendinger et al., 2011). Maximum eigenvectors

were used to determine average orientations, and incremental shortening and extension (P- and T-)

axes were determined from paired fault plane and slickenline lineation measurements (Marrett and

Allmendinger, 1990). We present fault plane solutions derived from linked Bingham P- and T-axes

of faults with a known slip sense. In addition, we present fault plane solutions for all of the AFS

classifications assuming a sinistral slip sense on all ∼N-S-striking slickensided faults with unclear

kinematics. Given the consistent sinistral kinematics along the AFS, this assumption is likely to be

largely accurate and allows us to evaluate kinematic patterns that are not influenced by incomplete

slip sense determination.
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Table 2.1: Summary of U-Pb sample lithology and degree of strain.

UTM Coordinates1

Sample Easting (m) Northing (m) Lithology Deformation

161-74 374810 7131131 Bt-Hbl Tonalite Protomylonitic
181-N154 375287 7125806 Hbl Tonalite Unstrained w/ Discrete Zones

188-S142 366809 7161211 Granite Unstrained
191-N46 366333 7138242 Granite Unstrained

1Coordinates in Universal Transverse Mercator (UTM) World Geodetic System 1984 (WGS84),

2.3.2 Analytical Methods

For U-Pb analysis, zircon grains separated from samples 161-74, 181-N154, 191-N46, and

188-S142 were mounted in epoxy, polished to expose the center of the grains, and imaged using

cathodoluminescence (CL) to document internal zoning patterns (Appendix 3.6). Laser ablation

inductively coupled plasma mass spectrometry spot analyses targeted individual growth domains

determined from CL imagery. Additional euhedral, unpolished zircon grains were mounted on

double-sided tape parallel to the c-axis and depth profiled according to the methods outlined in

Marsh and Stockli (2015) to resolve fine-scale growth domains too small for a spot analysis. Full

U-Pb methodology is given in Chapter 1. The combined internal and external error is reported for

individual grains. Grains were filtered to <10% discordance to eliminate the effects of disturbance

due to Pb loss and/or inheritance. Weighted 206Pb/238U average dates with 2σ error calculated in

Isoplot 4.15 (Ludwig, 2003) are reported (Table 2.2).

(U-Th)/He analyses were conducted on samples 161-74 and 181-N154 according to the meth-

ods outlined in Wolfe and Stockli (2010). Aliquots were assigned an 8% analytical error based

on the long-term laboratory reproducibility of the Fish Canyon Tuff zircon standard (e.g., Reiners

et al., 2002, 2004). Dates are reported based on the average of 3–6 single grains per sample and

two times the larger of either the traditional or alternative standard error of the average calculation

(Table 2.2). Full (U-Th)/He methodology is given in Chapter 1.
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Whole-rock sample volumes of relevant plutons were pulverized for geochemical analyses.

Samples were sent to ALS Minerals in Reno, Nevada for major element composition according

to the ME-MS61m analytical package. In this procedure, 0.250 g of prepared initial sample is

decomposed with a hydrofluoric, nitric, perchloric acid digestion and HCl leach. The solution is

made up to a final volume of 12.5 mL with 11% hydrochloric acid, homogenized, and analyzed

by inductively coupled plasma atomic-emission-spectrometry or mass-spectrometry. Values are

reported as weight percent oxides for major elements (Table 2.3).
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Table 2.2: Summary of geo/thermochronometric data.

U-Pb (U-Th)/He
Sample Date Range Mean Date±2σ (Ma) n1 MSWD Mean Date±1σ (Ma) n SE2 Alt SE Max SE

161-74 - cores 122.8–141.4 131.9 ± 1.3 51 6.7 99 ± 8.2 5/6 3.7 2.8 7.3
161-74 - rims 114.9–121.7 119.5 ± 1.8 10 2.4 99 ± 8.2 5/6 3.7 2.8 7.3

181-N154 125.6–140.7 134 ± 0.8 62/69 6.5 99.1 ± 1.1 3/4 0.6 2.8 5.6

188-S142 133.2–151.1 140.9 ± 1.1 52/67 8.6 - - - - -
191-N46 135.9–153.1 143 ± 1.8 27/40 7.7 - - - - -

1Number of grains used to calculate average date. 2SE denotes Standard Error. See Table 1.2 for details.

Table 2.3: Whole-rock geochemical data.

Sample SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 MnO P2O5 SrO BaO LOI Total

161-62 63.8 16.45 5.47 5.15 2.47 3.81 2.16 0.63 0.12 0.1 0.04 0.04 0.7 100.94
161-74 62.1 16.55 5.62 5.56 2.51 4.60 1.12 0.63 7.0E-2 0.19 0.05 0.03 1.16 100.19

Difference 1.70 0.10 0.15 0.41 4.00E-2 0.79 1.04 0 0 5.0E-2 0.09 1.0E-2 1.0E-2 0.46

Sample Ba Ce Cr Cs Dy Er Eu Ga Gd Hf Ho La Lu Nb Nd Pr Rb Sm Sn Sr

161-62 398 35.7 10 2.4 3.9 2.3 1.0 19.1 3.9 3.6 0.8 17 0.4 4.4 18.5 4.6 59.9 4.5 2 401
161-74 298 39.2 20 1.4 3.1 1.9 1.4 19.3 3.4 4.7 0.6 18.8 0.3 5.5 19.9 5.0 40.5 4.2 3 490

Sample Ta Tb Th Tm U V W Y Yb Zr

161-62 1.4 0.6 5.5 0.4 1.3 141 207 22 2.4 126
161-74 2.2 0.5 3.7 0.3 0.8 114 332 17.3 1.8 191

66



2.4 Results
Here we present map relationships along a ∼70 km stretch of the northern El Salado segment

from the Pacific Ocean at 25.36◦S to the C-119 highway at 26.00◦S (Figure 2.1, Figure 2.2), includ-

ing and expanding upon mapping presented in Chapter 1 and Mavor et al. (2020). We document

the occurrence of mylonitic shear zones in two distinct areas across the eastern branch. These

mylonites are overprinted by brittle faults, and clasts within cataclasite along the eastern branch

contain mylonitic metasedimentary rocks. We identified a suite of pre- and synkinematic intru-

sions that bare striking resemblances to one another during mapping and occur on opposite sides

of the eastern branch of the northern El Salado segment, which presents the opportunity to use the

plutons as offset markers recording sinistral separation. Across the western branch, we note the

similarity in composition of two belts of leucocratic igneous bodies. We present a description of

the petrography and textures of each potentially correlative igneous body as well as whole-rock

geochemistry, zircon U-Pb crystallization dates, and (U-Th)/He cooling dates (Table 2.2).

2.4.1 Eastern Branch

Mylonite zone east of the eastern branch of the AFS (25.61◦S and 25.78◦S)

Along the east side of the eastern branch of the AFS a ∼18 km-long mylonite zone occurs be-

tween 25.61◦S and 25.78◦S where the Cerro del Pingo Plutonic Complex is adjacent to the eastern

branch and extending along-strike into the neighboring Chañaral Complex (Figure 2.3; Espinoza

et al., 2014, Chapter 1). Fresh, medium-grained mesocratic hornblende biotite granodiorite to bi-

otite hornblende tonalite with 47–56% plagioclase, 21–28% quartz, 4–15% potassium feldspar,

3–10% biotite, and 6–13% hornblende locally crosscut by adularia+quartz veinlets comprise the

main body of the Cerro del Pingo Complex in this zone (Figure 2.4). Chapter 1 presents 132.6

± 0.9 Ma and 132.3 ± 1.3 Ma zircon U-Pb dates for this body (samples 181-S55 and 181-S158).

Protomylonitic fabrics within the tonalite are locally developed in the central∼14 km long portion

of the shear zone that ranges from∼200–800 m wide where the Cerro del Pingo Complex intrudes

Chañaral Complex metasedimentary rocks, extending up to ∼300–400 m into the pluton itself.
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Figure 2.2: Simplified map of the northern El Salado segment study area compiled from our new mapping,
Escribano et al. (2013), and Espinoza et al. (2014). The Cerro del Pingo Complex is shown in pink, the
Jurassic plutons are shown in purple and blue, and the Chañaral Complex is shown in gray. Bold black lines
show the major strands of the AFS and mylonites are shown by the wavy pattern. Yellow stars show new
U-Pb samples from this study. Black boxes show the location of the inset maps in Figure 2.3, Figure 2.7,
and Figure 2.11.
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of the AFS. Yellow stars show U-Pb samples from Chapter 1.
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Metasedimentary rocks are pervasively highly strained: metasedimentary rocks in the central part

of the shear zone are completely dynamic recrystallized, and mylonitic foliation defined by mica-

rich bands and lineations defined by stretched quartz are well developed in both quartz-rich and

phyllosilicate-rich lithologies. The quartzite mylonites between the tonalite and the eastern AFS

branch have an average foliation of 000/81 E and are dominantly S-plunging (average lineation

179/15; Figure 2.5). Within the Cerro del Pingo Complex, protomylonitic fabrics are defined by re-

crystallized tails on feldspar porphyroclasts, fine-grained mixtures of altered feldspar and sericite,

aligned chloritized biotite and hornblende, and pockets of recrystallized quartz (Figure 2.6). The

degree of strain increases with proximity to the eastern branch, and some samples are mylonitic

rather than protomylonitic (e.g., sample 181-S456). The average orientation of the ductile folia-

tions within the pluton is 356/81 E. A strain gradient within the metasedimentary rocks records the

northern limit of mylonitization where the AFS juxtaposes the Chañaral Complex against Aerop-

uerto Formation (Chapter 1). Quartzites grade from platy mylonites to statically recrystallized but

unstrained within a ∼1.5–2 km distance along strike of the eastern branch. The brittle core of the

eastern branch cuts mylonitic and protomylonitic fabrics, and is oriented ∼14◦ counterclockwise

of the average mylonitic foliation.

Between 25.70◦S and 25.78◦S, the ∼132 Ma Cerro del Pingo Complex is intruded by a meso-

cratic tonalite. Near this contact, the ∼132 Ma pluton is highly altered with silicification and

adularia veining. The younger intrusive rock is fresher and distinctly black and white compared

to other plutons in the area, which often present as a medium gray. Mineralogically, the younger

phase is a hornblende-biotite tonalite composed of 50–62% plagioclase, 19–30% quartz, 6–17%

biotite, 6–21% hornblende, and 0–2% apatite, zircon, and oxide phases (Figure 2.4). Dark en-

claves of quartz diorite are common. Cathodoluminescence imagery of zircons show core and rim

relationships (Appendix 3.6). Cores have igneous textures and a weighted mean date of 128.1 ±

0.5 Ma (n = 59, MSWD =1.8; sample 161-62) derived from spots on polished mounts. Rims are

too thin to analyze in polished mounts, so additional grains were depth-profiled. Dates younger

than the cores were interpreted to capture rim growth. Th/U values for the overgrowths are 0.68–
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Figure 2.4: Equal-area stereograms of mylonitic foliations from the ∼132 Ma Cerro del Pingo Complex
(left, pink), ∼119 Ma tonalites (right, purple) and adjacent metasedimentary mylonites for each pluton
(both plots, gray). Individual measurements are shown with great circles (foliations) and dots (lineations).
Average orientations are given by bold great circle and bold dots.

1.89, supporting igneous growth rather than metamorphic growth (e.g., Kirkland et al., 2015). The

weighted mean date of rims is 118.6 ± 2.1 Ma (n = 11, MSWD =3.5) and the (U-Th)/He zircon

cooling date is 100.2 ± 12.9 Ma (Chapter 1). A sinistral shear zone up to ∼220 m wide with

a subvertical, NNE-striking foliation (002/86 E) and N-plunging lineation (001/24) is developed

in Chañaral Complex metasedimentary rocks and the western margin of this pluton (Figure 2.5).

The brittle eastern branch is oriented ∼13◦ counterclockwise of the average mylonitic foliation.

Strain in the quartzites and phyllites is record by bulging and subgrain rotation recrystallization of

quartz grains, oblique grain shape fabrics, and asymmetric intrafolial folds (Figure 2.6). Within

the tonalite, protomylonitic fabrics are defined by biotite, dynamically recrystallized quartz, and

fractured feldspar porphyroclasts (average foliation 000/88 E). The highest degree of strain in the

tonalite is found in a mylonitized∼1 m wide tonalite sill within the metasedimentary rocks. Strain

in the ∼119 Ma tonalite decreases with increasing distance from the eastern branch, grading from

protomylonitic to unstrained with locally-developed magmatic fabrics defined by aligned biotite

and hornblende ∼50 m into the pluton. The mafic phases and plagioclase in these mylonites are
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Figure 2.5: Photomicrographs in plane-polarized (left column) and cross-polarized (right column) light that
correspond to the northern mylonite zone near (a) U-Pb sample 181-S55, (a) U-Pb sample 188-S158, and
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fresher than those of the ∼134–132 Ma pluton, both within the protomylonitic and unstrained

portions of the pluton. A strain gradient is developed to the south where the eastern branch juxta-

poses the Jurassic Cerro Concha granodiorite against Aeropuerto Formation, and quartzites again

grade from platy mylonites to statically recrystallized but unstrained <1 km south of the ∼119 Ma

tonalite along the eastern branch.

Mylonite zone west of the eastern branch of the AFS (25.92◦S and 25.99◦S)

In this study we document another mylonite zone within metasedimentary rocks and synkine-

matic tonalitic plutons located ∼22 km south of the previously described mylonite zone, exposed

for ∼6.3 km along strike of the western margin of the eastern branch between 25.92◦S and 25.99◦

S (Figure 2.2, Figure 2.7). The subvertical eastern branch trends ∼175–177◦ at this location. The

pluton exposed at the northern end of this mylonite zone is a fresh hornblende biotite tonalite

composed of 47–59% plagioclase, 16–27% quartz, 11–18% biotite, 6–20% hornblende, and 4–5%

oxide phases and accessory minerals (Figure 2.4). As with the mesocratic tonalite to the north on

the eastern side of the fault, the rock is distinctly black and white and is crosscut by sub-parallel

adularia+quartz veinlets that incorporate clasts from the surrounding pluton. Similar to the north-

ern mylonite zone, the shear zone is ∼200 m wide and extends up to ∼120 m into a mesocratic

pluton that intrudes the metasedimentary mylonites along the western margin. Protomylonitic fab-

rics within the pluton are defined by the aligned long axes of hornblende, aligned biotite, and

recrystallized tails of feldspar and have an average foliation orientation of 015/85 E (Figure 2.8).

Silicification of the tonalite and the metasedimentary mylonites occurs within 400 m of the east-

ern branch, and intensifies with proximity to the fault. Cathodoluminescence imagery of zircons

shows igneous textures as well as core and rim relationships (Appendix 3.6). The weighted mean

date of the cores derived from spot analyses is 131.9 ± 1.8 Ma (n = 51, MSWD = 6.7, sample

161-74; Figure 2.9) and the weighted mean date of rims derived from depth profiles is 119.5 ±

1.8 Ma (n = 10, MSWD =2.4). Th/U values for the overgrowths are 0.75–1.29, reflecting igneous

petrogenesis (e.g., Kirkland et al., 2015). The average (U-Th)/He zircon cooling date is 99.0 ±

7.3 Ma (Table 2.2). Metasedimentary rocks at this location are more arkosic than the northern re-
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gion, and fine-grained recrystallized feldspar defines foliations in addition to recrystallized quartz.

The average orientation of mylonitic foliation within the metasedimentary mylonites is 000/81 E,

and lineations rake shallowly (177/14) from the south (Figure 2.8). The brittle eastern branch is

oriented ∼10◦ counterclockwise of the average mylonitic foliation, consistent with sinistral shear,

and clasts of mylonitic quartzite are abundant within the cataclastic damage zone of the AFS.

Exposure of the quartzite mylonite screen and the eastern branch of the AFS is covered by

alluvium to the south, and the shear zone narrows to ∼15 m with variable degrees of protomy-

lonitic fabric development with more localized distinct cm- to m-scale shear zones as the lithology

transitions to an older mesocratic hornblende tonalite to quartz diorite with 52–74% plagioclase,

16–37% hornblende, 7–25% quartz, 1-5% oxides, titanite, and trace zircon, apatite, and other ac-

cessory minerals (Figure 2.4). The pluton, which is intruded by the ∼119 Ma phase described

above, is crosscut by adularia+quartz veinlets with selvages defined by potassium alteration of sur-

rounding phases. Hornblende is often chloritized and individual portions of the pluton have up to

6-19% chlorite developed at the expense of hornblende. Plagioclase crystals are generally fresh,

though some have deuteric alteration in cores. Extensive sericitization of plagioclase is associ-

ated with discrete zones of steep N- to NE-striking mylonitic foliation defined by recrystallized
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feldspar and fine-grained minerals and is concentrated along the eastern exposures of the pluton

(Figure 2.8). No lineations were noted. We note that the eastern branch is located up 300 m away

from most of this exposure under alluvial cover, and most of the exposure of the pluton retains

unstrained magmatic textures with no mineral alignment. This pluton has a zircon U-Pb date of

134.0 ± 0.8 Ma (sample 181-N154, n = 62/69; MSWD = 6.5, Figure 2.9) and a ZHe date of 99.1

± 1.2 Ma with a tight cluster of individual grain dates at 97.8–99.7 Ma (Table 2.2).

Non-mylonitized lithologies across the eastern branch

Our 1:25,000-scale mapping indicates that there are no other occurrences of significant AFS-

related mylonite zones along the ∼70 km length of the El Salado presented here. Pre-kinematic

Jurassic plutons along the eastern branch include the ∼196 Ma Cerro Concha granodiorite and an

∼189 Ma Jurassic granodiorite (Figure 2.2, Chapter 1). Of these, only the Cerro Concha granodi-

orite occurs on both sides of a major structure – in this case, a NW-trending splay off the eastern

branch, interpreted as a Riedel structure. The main eastern branch is located west of both of Cerro

Concha exposures. The Cerro Concha pluton is a mesocratic hornblende biotite granodiorite com-

posed of dominantly plagioclase and quartz with <10% potassium feldspar (Figure 2.4). Biotite

is the dominant mafic phase, with common hornblende, and rare pyroxene with trace oxides, zir-

con, and apatite. On the western side of the NW-striking fault sinistrally separated by ∼11–15

km, the Cerro Concha pluton is leucocratic due to extensive alteration. The along-strike strain

gradient from high-strain mylonites in and adjacent to the Early Cretaceous Cerro del Pingo Com-

plex to brittle fracturing and faulting in the Early Jurassic Cerro Concha granodiorite and adjacent

Chañaral Complex metasedimentary rocks at the same structural level indicate the Cerro Concha

intruded before the onset of AFS-related strain and was relatively cold compared to Early Creta-

ceous plutons during AFS deformation (Chapter 1). Their zircon U-Pb and (U-Th)/He dates also

overlap within error (195.8 ± 1.0 Ma and 103.0 ± 16.0 Ma, sample 171-J250; 194.3 ± 2.2 Ma

and 107.9 ± 4.8 Ma, sample 171-N235, Chapter 1). Together, these data suggest both outcrops

were part of the originally continuous Cerro Concha granodiorite, and we therefore suggest that
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they can be used to estimate ∼11–15 km of slip across the NW-trending Riedel to the AFS since

∼195 Ma.

At the northern end of the El Salado segment, an ∼1.5 km-wide zone within the Jurassic

Matancilla pluton (175–158 Ma; Escribano et al., 2013) and surrounding Chañaral Complex have

distributed NE-striking discrete cm- to m-scale shear zones (Figure 2.2, Figure 2.11). These shear

zones are protomylonitic granodiorite with dominantly sinistral shear sense indicators and marked

by a "bleached" or "pinstriped" appearance due to localized hydrothermal alteration and high strain.

Unstrained granodiorite separates the discrete mylonites. These shear zones are oriented at an

oblique angle (∼35–37◦ on average) to the 175–177◦-trending AFS and do not have overprinting

brittle faults, which indicates they did not form in a progressive ductile-to-brittle shearing event.

Furthermore, the geometry of these shear zones is incompatible with AFS-related deformation,

as the ∼35–37◦ angle with the AFS is much greater than the angles between mylonitic foliations

and the brittle fault documented along the northern and southern Cerro del Pingo mylonite zones

(∼13–14◦ and ∼10◦, respectively). As such, the discrete shear zones in the Matancilla plutonic

complex are interpreted to predate AFS shear.

Mylonites are also not developed in the Jurassic La Negra Formation volcanics, Cretaceous

Aeropuerto Formation volcanics and volcaniclastics, nor in the Devonian Chañaral Complex where

it is not adjacent to synkinematic plutons. In between the two mylonite zones described above,

metasedimentary rocks occur in two narrow slivers bound by fault strands between 25.82◦S–

25.83◦S and 25.89◦S–25.92◦S (Figure 2.2). The northern sliver is 130–170 m wide and contains

mylonitic metasedimentary rocks in contact with an altered granodiorite, interpreted here as an

altered exposure of the Cerro del Pingo Complex based on its association with metasedimentary

mylonites. The average orientation of the metasedimentary mylonites is 188/75 W. The northern

sliver is bound to the west by cataclastic volcanics of the Aeropuerto Formation and to the east

by highly fractured but internally unstrained metasedimentary rocks and a highly altered granitoid,

most likely the southern extent of the Cerro Concha granodiorite. The southern sliver is up to

∼300 m wide and bound by the main eastern branch of the AFS to the west and a subsidiary NW-

79



trending splay to the east. The lithology west of the eastern AFS branch is covered by alluvium

and the lithology west of the splay is a ∼189 Ma altered granitoid (Figure 1.4 of Chapter 1). The

metasedimentary rocks in this sliver are entirely unstrained and retained original detrital textures

or are statically recrystallized. Additional reconnaissance work between the southern map bound-

ary and 26.30◦ S (∼33 km south of the map area) did not identify mylonites along the eastern

branch, and mylonites are not represented in this area at the 1:100,000 scale (Godoy and Lara,

1998; Espinoza et al., 2014).

Finally, we note that an Early Cretaceous Las Tipias pluton located ∼300–600 m east of the

AFS between 25.3–25.4◦ S does not have an associated mylonite zone, despite its overlap in timing

of emplacement with the mylonitic Cerro del Pingo Plutonic Complex (Figure 2.12). Therefore,

we suggest the two occurrences of mylonite zones in synkinematic plutons and ductilely deformed

metasedimentary rocks at 25.61–25.78◦ S and 25.92–25.98◦ S can be used an offset marker along

the eastern branch of the El Salado segment, provided the synkinematic plutons can be correlated.

2.4.2 Western Branch

At the northern end of the El Salado segment at the coastline, a uniquely felsic porphyritic

stock with a fine-grained (1–2 mm) matrix of intergrown potassium feldspar and quartz is exposed

east of the eastern branch (Figure 2.2, Figure 2.11). The character of the intrusion is variable

within a single outcrop and ranges from mesocratic with ∼30% 2–7 mm moderately sericitized

plagioclase, ∼18–20% chloritized hornblende and biotite to a purely leucocratic matrix of ∼50%

potassium feldspar and ∼30–34% quartz with ∼7–10% 2–7 mm sericitized plagioclase and <10%

altered mafic phases (Figure 2.12). Potassium feldspar occasionally shows perthitic texture and

often mantles sericitized plagioclase. Rarely, myrmekitic texture is found in smaller (2–3 mm)

plagioclase crystals. These feldspar textures are indicative of intrusion at low pressures, likely

recording shallow emplacement. Quartz is entirely unstrained in both textural varieties.
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A similar series of unstrained leucocratic granites with pervasive orange-brown oxidation in-

trude the Aeropuerto Formation as a NNE-SSW trending chain of low hills west of the east-

ern branch of the El Salado segment ∼20–30 km south of the coastal exposure (Figure 2.11).

Mafic phases are rare, and are completely altered to chlorite where present. Exposures located

between the eastern and western branches intruding the Aeropuerto Formation between 25.65◦S

and 25.71◦S are granites 19–33% 2–3 mm plagioclase, 29–36% 0.5–2 mm potassium feldspar and

30–43% modal quartz, with spherulitic to granophyric intergrowths and spherical bodies of inter-

grown quartz and epidote (Figure 2.2, Figure 2.12). Potassium feldspar mantling plagioclase is

present, as are granophyric textures. Variations in these textures reflect an increase in emplace-

ment depth moving north to south from very finely intergrown potassium feldspar and quartz that

form spherulites (Figure 2.12a) to a coarser grained granophyric intergrowth with defined 0.5–1

mm quartz, plagioclase, and potassium feldspar crystals and cavities or spheres filled with quartz

and epidote, interpreted as miarolitic cavities (Figure 2.12b). Granophyric textures represent seg-

regation of the eutectic melt composition and miarolitic cavities indicate intrusion at very shallow

levels (<4 km of the surface) that resulted in degassing of volatiles into bubbles and undercooling

of the magma (e.g., Lowenstern et al., 1997). The zircon 206Pb/238U date on one of the felsic plu-

tons between the eastern and western branches of the AFS is 140.9 ± 1.1 Ma (sample 188-S142,

n = 52/67, MSWD = 8.6, Figure 2.13). Single grain dates with <10% discordance range from

133.2–151.1 Ma, with one young (120.5 Ma) and one older (161.7 Ma) grain.

Leucocratic plutons with pervasive orange oxidation also intrude the La Negra Formation in

a NE-SW sub-linear belt west of the western branch of the AFS between 25.79◦S and 25.95◦S,

8–23 km south of the leucocratic plutons between the two branches (Figure 2.11). Texturally,

these felsic bodies range from extrusive spherulitic rhyolite flows and very fine-grained quartz and

feldspar mixtures (<0.2 mm) with phenocrysts of quartz and sanidine at the northern end of the belt

to porphyritic intrusive bodies with coarse (2–9 mm) plagioclase and uncommon 2–4 mm clots of

epidote, chlorite, and oxide phases interpreted to be replaced mafic phases at the southern end of

the belt (Figure 2.12). Several outcrops have interlocking 1–2 mm quartz and potassium feldspar
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Figure 2.12: U-Pb concordia diagrams for the leucocoratic plutons. Data have been filtered to 10% discor-
dance and grains with >10% discordance are shown in gray. Uncertainties are reported at 2σ.

grains between sericitized plagioclase crystals, sometimes with granophyric texture indicative of

shallow emplacement. The composition of these outcrops range from 34–35% plagioclase, 24–

44% potassium feldspar, and 27–28% quartz (Figure 2.6). These plutons do not come into direct

contact with the AFS and do not record ductile strain. Sample 191-N46 has single grain dates with

<10% discordance ranging from 135.9–153.1 Ma that give a weighted 206Pb/238U average date of

143.0 ± 1.8 Ma (n = 27/40, MSWD = 7.7, Figure 2.13) and several older grains ranging from

178.6–659.1 Ma.

The dates of the felsic bodies on either side of the western branch are very similar to zircon U-

Pb dates from Espinoza et al. (2014) on a fresh pluton that also intrudes the Aeropuerto Formation

called the Goyenechea granodiorite (140.1 ± 6.0 Ma) and a spherulitic rhyolite (145 ± 2 Ma).

Although the dates do not overlap within error, the high MSWD values indicate that the weighted

mean dates do not necessarily represent the emplacement age of these shallow plutons and indicate

there may be a high degree incorporation of either antecrysts or xenocrysts from the Aeropuerto

Formation wall rock. Furthermore, the overlapping spread in single-grain dates across either side

of the western branch and abnormally felsic composition compared to the other Coastal Cordillera

arc-related plutons and volcanic rocks (21–43% quartz and 22–50% potassium feldspar in the
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Figure 2.13: Photomicrographs in plane-polarized (left column) and cross-polarized (right column) light of
the leucocratic igneous bodies (a) east of the eastern branch, (b) between the eastern and western branches,
and (c) west of the western branch. Abbreviations are as follows: Bt = biotite; Chl = chlorite; Kfs =
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leucocratic granite versus 15–30% quartz and 0–15% potassium feldspar in the Cerro Concha and

Cerro del Pingo Complex, Figure 2.6) supports the idea that these intruded as a geochemically

unique chain in an arc dominated by more mafic dioritic to tonalitic plutons. We suggest that the

unique composition of the chain of felsic plutons is distinctive enough to provide constraints on the

magnitude of slip across the western branch, thereby allowing us to estimate the total displacement

magnitude across the entire El Salado segment of the AFS.

2.4.3 Brittle Fault Kinematics

The kinematics of AFS deformation given from the orientation of brittle fault planes, slicken-

lines, and slip sense indicators are dominantly sinistral strike-slip, with evidence of minor dip-slip

motion. Most fault planes strike NNW and are near vertical (Figure 2.14). The orientation of east-

ern branch is similar to that of the mylonitic foliations: both are NNW-SSE striking and steeply

dipping with slickenlines that plunge shallowly from the north. The average eastern branch brittle

fault plane is oriented 13◦ counterclockwise from the average mylonitic foliation, which serves

as an additional shear sense indicator for sinistral slip. The eastern branch has an average slick-

enline orientation of 354/11 on a subvertical N-trending fault (173/89 W). The average principal

slip surface within the damage zone is oriented 352/88 E with slickenlines oriented 357/07, and

the average fault gouge foliation is 15◦ clockwise of the average principal slip plane, consistent

with sinistral shear (Figure 2.14). These orientations are very similar north and south of the Taltal

fault system. Altogether 79% of slickenlines rake shallowly, with 50% of slickenlines raking <45◦

from the north and 29% raking <45◦ from the south). 21% of slickenlines rake steeply (>45◦).

Together, these kinematics record a regime that was dominantly sinistral strike-slip motion with a

minor component of dip-slip motion. When only faults with a field-determined sense of slip are

included, the sinistral fault plane solution is 354/81 E and the slip vector is 355/06. When sinistral

slip on unknown faults is assumed, the sinistral fault plane solution is 355/89 E with a 356/06 slip

vector (Table 2.4).
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Figure 2.14: Equal-area stereograms of brittle faults along the northern El Salado segment. Top row for
each fault category shows fault plane measurements (great circles) and slickenline lineation measurements
(dots). Principal slip plane measurements for the eastern and western branches are shown in dark gray and
measurements of foliated gouge in fault cores are shown in maroon. Note fault gouge measurements are
parallel or slightly oblique clockwise to principal slip surfaces and serve as a sinistral kinematic indicator.
Average measurements are shown in bold and denoted in the corresponding color to the fault type. The
center column shows P-axes (blue) and T-axes (red) for fault planes with a measured slickenline lineation
and an assumed sinistral slip sense, and the right column shows P- and T-axes (blue and red, respectively)
for faults with a field-determined slip sense only. The solution fault plane is shown in bold and the average
P- and T- axis are shown by bold squares.
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The average fault plane orientation of faults in the damage zone of the western branch is 353/82

E with 345/03 slickenlines (Figure 2.14). All planes strike NNW and dip steeply east. The principal

slip plane is oriented 350/85 E with 354/19 slickenlines. Altogether 72% of slickenlines rake

shallowly (43% within 45◦ of north and 28% within 45◦ of south), and 28% are relatively steep

(>45◦). These data yield a sinistral fault plane solution of 350/88 E with a slip vector 350/04 when

only faults with a field-determined sense of slip are included, and a sinistral fault plane solution of

348/89 E with a slip vector 348/06 when a sense of slip is assumed for all faults (Table 2.4).

Faults parallel to (strike ≤30◦ from the average AFS principal slip planes) but not located

within the damage zones of either major branch are also N-trending and steeply-E-dipping (average

plane 357/85 E), with an average slickenline orientation of 171/04 (Figure 2.14). Similar to the

major fault branches, 77% of slickenlines rake shallowly (39% rake <45◦ from the north and 39%

rake <45◦ from the south) and 23% rake >45◦. The sinistral fault plane solution is 349/82 E with a

167/11 slip vector for faults with a field-determined slip sense. When sinistral slip is assumed for

faults with unknown slip sense, the fault plane solution is 351/85 E with a slip vector of 171/05

(Table 2.4). The El Muelle fault, which splays off the western branch and most likely continued

to slip as a part of the Taltal fault system after AFS motion ceased (Mavor et al., 2020), is NW-

to NNW-trending and subvertical (average plane 164/90), and is dominated by sinistral strike-slip

motion with an average slickenline of 164/00 (Figure 2.14). Altogether 40% of slickenlines rake

<45◦ from the north and 40% rake <45◦ from the south, and 20% rake >45◦. For faults with a

known slip sense in the field, the sinistral fault plane solution is 159/78 W and the slip vector

is 339/03. When sinistral slip sense is assumed for unknown faults, the fault plane solution is

oriented 163/83 W with a 165/07 slip vector. For all fault categories, the data consistently indicate

a subhorizontal NW-SE-trending linked Bingham P-axis and subhorizontal NE-SW trending linked

Bingham T-axis (Table 2.4).

We note that each of these fault populations record 20–28% steep (>45◦) dip-slip slickenlines.

Map patterns indicate a component of E-side-up motion on the eastern branch and a component

of W-side-up motion on the W branch, creating a shallow graben between the two branches that
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Table 2.4: Summary of brittle fault kinematic data. Eigenvalues are the maximum, intermediate, and mini-
mum eigenvalues for each fault plane and slickenline dataset. P- and T-axes are linked Bingham eigenvalues.

Eastern Branch Western Branch AFS Parallel Falla El Muelle

Principal Slip Plane 352/88 E 350/85 E - -
Measurements 20 16 - -

Eigenvalues 0.93, 0.05, 0.02 0.91, 0.06, 0.03 - -
Average Slickenline 357/07 354/19 - -

Measurements 9 15 - -
Eigenvalues 0.64, 0.22, 0.13 0.71, 0.24, 0.05 - -

Average Fault Plane 173/89 W 353/82 E 357/85 E 164/90
Measurements 51 39 99 15

Eigenvalues 0.81, 0.13, 0.06 0.83, 0.12, 0.05 0.85, 0.09, 0.06 0.87, 0.1, 0.03
Average Slickenline 354/11 345/03 171/04 164/00

Measurements 25 31 63 12
Eigenvalues 0.64, 0.22, 0.13 0.56, 0.35, 0.09 0.64, 0.26, 0.10 0.67, 0.22, 0.11

Average Fault Gouge 008/86 E 167/88 W - -
Measurements 13 6 - -

Eigenvalues 0.92, 0.06, 0.02 0.91, 0.07, 0.01 - -

Field-Determined Slip Sense Only

Measurements 17 36 30 9
Fault Plane Solution 354/81 E 350/88 E 349/82 E 159/78 W

Slip Vector 355/06 350/04 167/11 339/03
P-Axis 310/10 305/04 123/02 115/11
T-Axis 219/02 035/01 213/14 023/06

All Faults Assumed Sinistral

Measurements 30 44 57 11
Fault Plane Solution 355/89 E 348/89 E 351/85 E 163/83 W

Slip Vector 356/06 348/06 171/05 165/07
P-Axis 310/06 303/05 126/01 118/05
T-Axis 041/04 033/03 216/07 028/06
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localized deposition of and preserves the Aeropuerto Formation (Figure 2.2). The Aeropuerto For-

mation is Late Jurassic to Early Cretaceous in age and is in part the same age at the Cerro del Pingo

Complex exposed east of the eastern branch, implying a component of E-side up slip. However,

kinematic data suggest mostly strike-slip motion with a component of E-side down motion on the

eastern branch. It is possible that emplacement of the Cerro del Pingo Complex was initially as-

sociated with a E-side up component of shear along the eastern branch, similar to relationships

documented in the Las Tazas pluton further south (Grocott and Taylor, 2002), and record of this

motion has been largely overprinted by sinistral shear. The magnitude of dip-slip motion is <2 km

based on the shallow rake of slickenlines plunging both north and south across the main branches

of the El Salado segment, and ZHe dates do not appear to vary across the eastern strand of the

AFS. The similarity in the range of single-aliquot ZHe dates in lithologies with different U-Pb

crystallization dates on either side of the fault points to a shared low-temperature cooling history.

Taken together, these results show the Earth’s surface represents a plane that is largely perpendic-

ular to the motion of the fault, and any correlation of horizontally separated markers represents the

majority of slip magnitude.

2.5 Discussion

2.5.1 Correlation of Synkinematic Plutons and Mylonite Zones

Our data suggest six localities can be correlated across the eastern branch of the AFS to repre-

sent three distinct plutons: the unstrained∼195 Ma Cerro Concha granodiorite, strained∼134–132

Ma Cerro del Pingo Complex, and strained ∼119 Ma Cerro del Pingo tonalite (Figure 2.15). The

two exposures of the older phase of the Cerro del Pingo Complex are both fresh, medium-grained

hornblende biotite granodiorite to biotite hornblende tonalite and quartz diorite crosscut by adu-

laria+quartz veinlets (Figure 2.4). We note the degree of silicification, adularia+quartz veining, and

chloritization of mafic phases is significantly more pronounced in the southern mylonite zone on

the western side of the eastern branch. This may be due to fluid exolution in a slightly higher struc-

tural level in the pluton, which would be consistent with a component of E-side-up motion across
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the eastern branch. Their zircon U-Pb dates (132.6 ± 0.9 Ma and 132.3 ± 1.3 Ma, Chapter 1;

134.0± 0.8 Ma, this work, Figure 2.9) overlap within error, and both feature variable development

of mylonitic fabrics that are concordant with AFS-related brittle fault kinematics, recording synk-

inematic intrusion during AFS shear. Contact metamorphism is present in the Chañaral Complex

metasedimentary rocks that surround the Cerro del Pingo Complex, indicating shallow or epizonal

emplacement. Sinistral separation of the older phase of the Cerro del Pingo Complex across the

eastern branch is 32–38 km (Figure 2.15).

The younger hornblende biotite tonalite described above and the ∼119 Ma hornblende biotite

tonalite described in Chapter 1 also have several strong similarities. The two tonalites have zircon

U-Pb dates that overlap within error (118.6 ± 2.1 Ma, sample 161-62 of Chapter 1, and 119.5 ±

1.8 Ma, sample 161-74, this work, Figure 2.9). Both exposures also have a similar distribution of

Early Cretaceous zircons with cores ranging from ∼124–137 Ma (sample 161-62) and ∼123–141

Ma (161-74), and magmatic overgrowths ranging from∼115–123 Ma (sample 161-62) and∼115–

122 Ma (sample 161-74). Results of geochemical analyses show the strong similarities between

the∼119 Ma tonalites, with whole-rock geochemical analyses that match to within 1.7 wt% for all

major oxides (Table 2.3), and zircon (U-Th)/He cooling dates that overlap within error (Table 2.2).

The development of mylonitic fabrics in both outcrops further indicates the pluton intruded during

active shear along the AFS. Therefore, we suggest that these tonalite exposures originated as one

pluton emplaced ∼119 Ma as a younger phase of the Cerro del Pingo Plutonic Complex, and that

the mylonite zones developed in both the ∼134–132 Ma and ∼119 Ma phases of the Cerro del

Pingo Complex provide information on the magnitude of displacement during Early Cretaceous

ductile shear and brittle slip. The ∼119 Ma tonalites are sinistrally separated by 22–24 km across

the eastern branch (Figure 2.15).

2.5.2 Displacement Magnitude

Based on the correlation of plutons and the kinematic compatibility of both the mylonitic fab-

rics and brittle faults, we present a new estimate of the magnitude of slip along the El Salado seg-
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ment of the AFS. Across the eastern branch, the synkinematic ∼119 Ma Cerro del Pingo tonalites

are separated by 22–24 km along the eastern branch, and the synkinematic ∼134–132 Ma Cerro

del Pingo Complex are separated by 32–38 km (Figure 2.15). The ∼119 Ma tonalites occur be-

tween exposures of the older Cerro del Pingo Complex, and coupled with the development of shear

zones in both phases of this Early Cretaceous plutonic complex, indicate that ∼8–16 km of sinis-

tral shear occurred prior to ∼119 Ma. We further note that the two exposures of the prekinematic

∼195 Ma Cerro Concha plutons are sinistrally separated by 11–15 km of slip along a subsidiary,

NW-trending splay of the eastern branch. The higher degree of alteration in the exposure of the

Cerro Concha on the western side of the splay may represent a higher structural level of the pluton,

indicating a degree of E-side-up motion on the fault. The lower magnitude of sinistral separation

combined with the lack of mylonitic shear zones developed in the Cerro Concha granodiorite fur-

ther suggests the eastern branch does not record a prior Jurassic history of slip, as we would expect

the sinistral separation of Jurassic plutons to exceed the sinistral separation of Early Cretaceous

plutons if there had been a protracted pre-Cretaceous slip history.

The leucocratic granites exposed near the coastline east of the eastern branch are sinistrally

separated by∼20–30 km from a set of leucocratic granites intruded into the Aeropuerto Formation

with very similar textures on the western margin of the eastern branch, and that another set of leu-

cocratic granites are exposed west of the western branch of the AFS (Figure 2.11). These granites

are anomalously felsic for the Coastal Cordillera, and have a very distinct mineralogy compared

to both the Jurassic granodiorites and the Early Cretaceous diorites and tonalites (Figure 2.4).

Therefore, we propose this belt of felsic intrusions can be used to constrain the approximate dis-

placement magnitude across the western branch of the El Salado segment. Determining the dis-

placement magnitude is complicated by the uncertainty in the original geometry of emplacement

of these felsic bodies. Exposures across the western branch both include fine-grained rhyolite and

hypabyssal porphyritic intrusions with miarolitic cavities and granophyric textures. The presence

of miarolitic cavities and spherical bodies filled with fine-grained epidote within the felsic pluton

between the two major fault branches near 25.70◦S indicate shallow-level (<4 km) emplacement
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Figure 2.15: Correlation of offset markers along the AFS. Pink shows the 32–38 km sinistral separation of
the ∼134–132 Ma Cerro del Pingo Complex, red shows the 22–24 km sinistral separation of the ∼119 Ma
tonalites, and orange shows 20–30 km sinistral separation across the eastern branch and 8–23 km sinistral
separation across the western branch for the leucocratic plutons. Inset arrow shows the 14–18 km of sinistral
separation across the western branch when textural domains of the leucocratic plutons are correlated. Units
are as shown in Figure 2. Note units not correlated across the AFS are shown at 50% opacity.
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that allowed for the exolution of fluids into bubbles which then crystallized into the fine-grained

epidote spheres preserved in the intrusion (Lowenstern et al., 1997). Epidote is not present within

the intrusion outside of these spheres. Textures of the leucocratic granites intruding the La Negra

Formation west of the AFS include fine-grained mixtures of quartz and potassium feldspar with

quartz and sanidine phenocrysts to porphyritic intrusions with 2–9 mm sericitized plagioclase crys-

tals surrounded by interlocking grains of 1–2 mm potassium feldspar and quartz with occasional

granophyric texture indicative of shallow emplacement. Coupled with the similar mineralogical

composition, these textural observations suggest that leucocratic granites intruded as a continuous

chain of epizonal and hypabyssal plutons along a 190–195◦ trend. Restoring the separation of

this trend results in a minimum sinistral separation of ∼8 km and maximum sinistral separation of

∼23 km across the western branch, whereas the sinistral separation based on correlation of sim-

ilar textural domains is ∼14–18 km (Figure 2.15). As both sets of leucocratic lithologies show a

N-S progression from fine-grained intergrowths of quartz and potassium feldspar with ∼2–3 mm

crystals of quartz and sanidine to coarser porphyritic plagioclase surrounded by interlocking 1–2

mm quartz and feldspar with granophyric textures, we prefer to correlate textural domains as a

horizontal separation marker across both branches of the AFS and therefore report ∼20–30 km of

sinistral slip along the eastern branch and ∼14–18 km of sinistral slip along the western branch,

for a total displacement magnitude of ∼34–48 km.

We note that the displacement magnitude estimate across the eastern branch based on these

felsic plutons is less than that estimated from the displacement of the ∼134–132 Ma Cerro del

Pingo Complex, which may suggest slip decreases at the north end of the El Salado segment. The

displacement estimate determined from the leucocratic plutons is not as clear as the correlation

of the Cerro del Pingo Complex and associated metasedimentary mylonites partially due to less

clear correlation relationships, the occurrence of the leucocratic plutons in a chain rather than a

single intrusion, and the lack of direct interaction between the leucocratic plutons and the eastern

branch. Therefore, we prefer the displacement magniude estimate determined from the offset of

the Cerro del Pingo Complex (∼32–38 km) for the eastern branch. Altogether, our data provides
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a displacement magnitude of ∼50 ± 6 km for slip on both branches of the El Salado segment

between ∼133–110 Ma (Figure 2.15, Figure 2.16). The lack of mylonitic deformation along the

eastern branch in the leucocratic granite near the coast indicates the pluton had cooled below the

brittle-plastic transition prior to the initiation of AFS shear, and therefore constrains the onset of

slip to <140–145 Ma. Ruthven et al. (2020) document the initiation of AFS slip along the major

branch of the Paposo segment at ∼139 Ma. The timing presented here for the northern El Salado

segment agrees with previous work by Taylor et al. (1998) and Grocott and Taylor (2002) that

documents the initiation of the eastern branch of the AFS corresponded with the emplacement

of Las Tazas pluton along the central El Salado segment at ∼132 Ma. We did not identify any

other offset markers along the ∼70 km mapped length of the northern El Salado segment. The

displacement magnitudes across the western and eastern branches of the El Salado segment are

compatible with the Hervé (1987b) estimate of∼34 km of slip on the Izcuña fault, a parallel strand

of the main Paposo fault along the Paposo segment of the AFS based on the identification of an

offset granodioritic pluton and post-mylonitic granite.

2.5.3 Timing & Rate of Slip

Field relationships provide key insights into the timing of AFS slip. Jurassic plutons along the

El Salado segment mapped here do not show evidence for ductile deformation and are prekine-

matic with respect to AFS sinistral shear (Chapter 1). The Cerro Concha granodiorite is sinistrally

separated by 11–15 km along the major NW-trending splay of the eastern branch, consistent with

32–38 km of total slip across the entire eastern branch. The ∼140–145 leucocratic granites lack

mylonitic fabrics and are also prekinematic, supporting an initiation of AFS deformation in the

Early Cretaceous.

Mylonitic tonalites bracket the onset of ductile deformation along the El Salado segment. The

oldest pluton to record ductile deformation in the Taltal area is the ∼134–132 Ma Cerro del Pingo

Plutonic Complex. Metasedimentary rocks that are spatially associated with this phase of the Cerro

del Pingo Complex have undergone contact metamorphism but are undeformed where they are not
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adjacent to the AFS, and record increasing ductile strain with increasing proximity to the eastern

branch of the AFS. Strain in the metasedimentary rocks is concentrated in phyllitic layers along the

margins of the Cerro del Pingo Complex, and both phyllitic layers and quartz-rich, mica-poor beds

are penetratively strained near the center of the Cerro del Pingo Complex. This spatial relationship

between mylonites and the Cerro del Pingo Complex indicates ductile deformation and sinistral

motion along the AFS had initiated by ∼134–132 Ma.

Intrusion of the ∼119 Ma tonalite between the exposures of the ∼134–132 Ma plutons and the

development of high-strain mylonite zones within the tonalites indicates the heat from sustained

intrusions of the Cerro del Pingo Complex elevated the geothermal gradient high enough to allow

for ductile deformation. The metasedimentary rocks spatially associated with both the ∼119 Ma

tonalite and AFS are highly strained in both phyllitic and quartz-rich layers, with both lithologies

forming ultramylonites, indicating temperatures must have been in excess of the quartz brittle-

plastic transition for strike-slip regimes (∼280–310◦C; Stöckhert et al., 1999; Stipp et al., 2002).

Rapid cooling of the Cerro del Pingo Complex east of the eastern branch through 310–345◦C

is recorded by ∼130–129 Ma biotite 40Ar/39Ar dates (Espinoza et al., 2014) indicating elevated

temperatures that produced ductile deformation are directly tied to pluton emplacement and the

duration of mylonitic deformation along the eastern branch occurred over a relatively short time

interval (∼3–4 Myr). If the mapped ∼8–14 km of sinistral separation determined from restoring

the northern and southern contacts of the ∼134–132 Ma plutons and ∼119 Ma tonalite occurred

at a constant rate of ∼0.6–1 km/Myr, then ∼3–4 Myr of mylonitic shearing would produce 1.8–

4.0 km of sinistral displacement and the remaining ∼4–12 km of separation would have occurred

in the brittle regime. A separate, time-independent estimate of displacement accommodated by

mylonitic shearing overlaps with the estimate derived from cooling dates: assuming simple shear

across the ∼500–800 m wide shear zone constrained by our mapping (Figure 2.3, Figure 2.7),

the angle between the average mylonitic foliation and the average orientation of the brittle east-

ern branch (∼10–14◦, Figure 2.4, Figure 2.9) records the average shear strain (γ = 3.8–5.5; e.g.,

Ramsay, 1980). This shear strain corresponds to ∼1.9–4.4 km of sinistral displacement across the
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500–800 m-wide zone in the ductile regime, leaving 3.6–12.1 km of displacement in the brittle

regime. A component of pure shear across the mylonite zone would reduce the magnitude of sinis-

tral displacement accommodated by ductile shearing. The presence of mylonites and a brittle fault

core associated with the ∼119 Ma tonalites indicate a second punctuated period of mylonitic de-

formation that transitioned from ductile shear to brittle slip as the plutons cooled. Cooling through

180◦C in the both Cerro Concha granodiorite and the two phases of the Cerro del Pingo Complex

occurred at 108–99 Ma (Chapter 1; this work), indicating the entire duration of ductile and brittle

AFS slip at the exposed structural levels occurred at temperatures >180◦C.

Post-kinematic dikes constrain the latest stages of slip along the brittle AFS. The end of AFS

slip is recorded by a 10-m-wide andesitic dike that clearly cuts across most strands of the main

eastern branch of the AFS and is sinistrally offset ∼148 m along a fault parallel to the eastern

AFS branch (Chapter 1; Mavor et al., 2020). Interpretation of the age of the latest-kinematic dike

(∼109.9± 4.0 Ma, Chapter 1) is complicated by low zircon yield and a significant spread in singe-

grain dates, but can be used to document the ending stages of AFS slip at 114–105 Ma. This

timing is corroborated by a dacitic dike located ∼25.5◦S that cuts cataclasite of the AFS and has a

zircon (U-Th)/He cooling date of∼107 Ma (Mavor et al., 2020), further supporting brittle slip and

the development of AFS-related cataclasite had ceased by the end of the Early Cretaceous. Both

the ∼110 Ma andesitic and ∼107 Ma dacitic dikes and the AFS are cut by NW-striking sinistral

faults parallel to the younger Taltal fault system (Mavor et al., 2020). Based on the spatial offsets

discussed above, we can couple these timing estimates with displacement magnitudes to calculate

slip rates along the El Salado segment. We suggest that the entire ∼46–56 km of slip along the El

Salado segment occurred between ∼133–110 Ma, resulting in a time-averaged slip rate of ∼2.0–

2.5 km/Myr across the entire northern El Salado segment. The slip rates for each branch are∼1.4–

1.7 km/Myr for ∼32–38 km of displacement along the eastern branch and ∼0.6–0.8 km/Myr for

∼14–18 km of displacement along the western branch.
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4 km

Present Day ~110 Ma

~119 Ma ~133 Ma

Figure 2.16: Proposed slip history of the El Salado segment from present day (far left) to ∼133 Ma (far
right) with intermediate steps for restoration of slip along the Taltal fault system (see Mavor et al., 2020)
and intrusion of the ∼119 Ma tonalites. See Plate 2 for a 1:100,000-scale version.
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2.5.4 Fault Scaling Relationships & Comparison to other Fault Systems

Typical fault displacement:length scaling relationships predict a displacement magnitude will

be≤10% of the fault length with a dmax/L of∼0.4 for strike-slip faults (Kim and Sanderson, 2005).

Recent work by Stanton-Yonge et al. (2020) on subsidiary NW-striking second- and higher-order

faults of the Caleta Coloso Duplex along the Paposo segment demonstrated a self-similar displace-

ment:length scaling relationship over five orders of magnitude described by the equation dmax =

0.0337L1.02, where dmax is the maximum displacement and L is the total fault length, for faults

with 0.001–100 m of displacement. According to these relationships, the expected displacement

magnitudes along the ∼1,000-km-long AFS as a whole is ∼39–47 km and the ∼480-km-long El

Salado segment is 18–22 km. Our results documenting ∼50 ± 6 km of slip across the El Salado

segment are comparable to the magnitude of displacement predicted by displacement:length rela-

tionship for the entire AFS at a dmax/L of 0.05 and exceeds the expected displacement:length ratio

for the El Salado segment (dmax/L = 0.10 from our data versus a dmax/L = 0.4; Kim and Sander-

son, 2005). The average dmax/L for individual segments of strike-slip faults is generally larger than

dmax/L for the fault zone as a whole, and is typically larger than the dmax/L for dip-slip faults due

to the parallelism of measured length and slip direction (Peacock and Sanderson, 1996). This re-

lationship is clearly seen along the AFS. Our documented displacement magnitudes of ∼32–38

km (maximum dmax/L = 0.20) along the eastern branch and ∼14–18 km (maximum dmax/L = 0.12)

along the western branch significantly exceed the estimates for individual strike-slip faults (dmax/L

= 0.04). These results may suggest slip was more effectively localized along the major branches

of the AFS compared to the higher-order faults documented by Stanton-Yonge et al. (2020). We

note that these dmax/L values are likely overestimated, as the true lengths of the fault segments are

incompletely known given that the north end goes offshore and the southern ends are not precisely

located. Furthermore, it is unlikely displacement along the northern end of the El Salado segment

decreases to zero before it intersects or interacts with the southern Paposo segment, which also

goes offshore. However, in order to achieve a dmax/L value of 0.04 as predicted by the Kim and

Sanderson (2005) scaling relationship with our documented displacement magnitudes, the western
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branch would have to be ∼350–450 km long and the eastern branch would have to be ∼800–950

km long. As no individual fault along the El Salado or Paposo segment reaches that length and

neither our mapping nor previous 1:100,000 scale mapping document an additional major branch

of the AFS throughout this region, an alternative explanation is necessary.

Ratios of dmax/L are also often high for interacting segments and linked faults (Kim and Sander-

son, 2005). The fault segments that evolve without obvious connection—termed soft linkage by

Peacock and Sanderson (1996)—may build up displacement with restricted propagation through

the interaction with adjacent faults, producing higher dmax/L ratios (e.g., Willemse, 1997), while

hard linkages produce a drop in dmax/L as the fault length abruptly increases while displacement

remains the same. A transition from soft to hard linkage is expected for mature fault systems

(Peacock and Sanderson, 1996). An example of a strike-slip soft-linked fault system is the 80-km-

long Dasht-e Bayaz fault of Iran, which is composed of several interacting strands (Fossen and

Hesthammer, 1997). The highly segmented nature of the El Salado segment with multiple fault

branches each individually comprised of more than one fault strand suggests it is a soft-linked

system, as opposed to more hard-linked strike-slip duplexes developed along the northern Paposo

segment (e.g., Cembrano et al., 2005; Veloso et al., 2015). In some areas, the El Salado segment

developed hard linkages between individual fault strands, such as the NW-striking fault that hosts

the Mantoverde iron oxide-copper-gold deposit (Vila et al., 1996). A linkage between the southern

Paposo and northern El Salado segments is possible, as is a linkage between the Paposo and Salar

de Carmen segments. Soft linkage of El Salado fault branches is a possible result of fault seg-

ment nucleation along the margins of Early Cretaceous plutons due to thermal weakening of the

crust and subsequent propagation out into cooler country rocks (Chapter 1), where the individual

branches may begin to interact and limit continued fault tip propagation while still accommodating

the displacement magnitude expected of an ∼1,000 km long system.

An alternative explanation for the relatively low displacement magnitude and high dmax/L values

along the El Salado segment is a low slip rate (e.g., Kim and Sanderson, 2004). Slip rates of∼2.0–

2.5 km/Myr for the El Salado segment are low compared to modern intra-arc systems: the ∼1,200

99



km Liquiñe-Ofqui fault of southern Chile has modern slip rates of 6.5 mm/yr (Wang et al., 2007),

the ∼1,650 km long Sumatran fault has slip rates ∼15–16 mm/yr (Bradley et al., 2017), the ∼300

km Median Tectonic Line has strike-slip rates of 0.8–9.1 mm/yr, depending on the location along

the fault system (Tsutsumi and Okada, 1996; Goto, 2018), and the ∼1,250 km Philippine fault

has strike-slip rates ranging from 7.7–31.4 mm/yr on individual fault branches (Hsu et al., 2016).

The Liquiñe-Ofqui and Sumatran faults are mature, hard-linked systems with major throughgoing

faults mapped along the entire length of the arc, whereas the Philippine fault is a complex system

comprised of several interacting, hard-linked strands with differing slip rates. The 6.5 mm/yr

of motion along Liquiñe-Ofqui fault system accommodates 30% of the 23–28 mm/yr margin-

parallel motion across the southern Peru-Chile trench at an angle of ∼20◦ from normal to the plate

boundary (DeMets et al., 1994; Angermann et al., 1999; Kendrick et al., 2003; Wang et al., 2007).

At a rate of 15–16 mm/yr, the Sumatran fault accommodates 60% of the plate motion between

the Sunda and Australian plates along a margin with an obliquity of ∼35–50◦ (Bradley et al.,

2017). The Philippine fault is 40–55◦ from normal to the convergence vector across the Philippine

Sea-Sunda plate boundary, and accommodates roughly half of the margin-parallel motion (Hsu

et al., 2016). Finally, the Median Tectonic Line of Japan accommodates ∼25% of the ∼30 mm/yr

trench-parallel motion across a margin with ∼67◦ angle between the plate convergence direction

and normal to the trench (Loveless and Meade, 2010).

2.5.5 Implications for Mesozoic Slip Partitioning & Plate Convergence

It is unclear why the slip rates and displacement magnitude along the AFS are comparatively

low for such a long-lived, regionally extensive fault system. One possibility is the soft-linked,

highly segmented nature of the AFS prevented the effective localization of trench-parallel motion

in the upper plate. A second possibility is that the convergence rate was slower than rates at mod-

ern margins, or the convergence direction was less oblique than previously thought. Convergence

vectors for modern intra-arc faults are well known from geodetic data, and therefore the percentage

of margin-parallel motion along modern margins can be readily determined. In contrast, the con-
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vergence vector across the Early Cretaceous Peru-Chile margin is not as well constrained due to

the lack of Mesozoic oceanic crust. Plate motion reconstructions over the time period of AFS slip

suggest Pacific-South America trench-normal convergence of∼20–50 km/Myr and trench-parallel

motion of ∼0–20 km/Myr between 140–110 Ma based on ocean basin seafloor-spreading histo-

ries and continental motion anchored to true-polar wander corrected paleomagnetic data for 200 to

100 Ma (Seton et al., 2012). These plate motion reconstructions result in a convergence obliquity

normal to the plate margin that decreased from >60◦ before 135 Ma to a range of 22–36◦ between

130–110 Ma (Maloney et al., 2013). Additional modeling of the Seton et al. (2012) plate recon-

struction data by Butterworth et al. (2016) demonstrate that the obliquity of convergence varied

strongly with position along the margin with proximity to the pole of rotation, and may suggest

the pole of rotation of the Phoenix plate subducted beneath the AFS at ∼135–130 Ma. These

models as a whole suggest highly oblique subduction along the AFS at ∼130 Ma transitioned to

significantly more orthogonal subduction by ∼120 Ma. The opening of a new oceanic ridge to the

south of the AFS potentially concurrent with the abandonment of the Pacific-Phoenix ridge in these

models at ∼120 Ma produces a period of N-directed oblique convergence that coincides with the

end of mylonitization documented along the El Salado segment here and in Chapter 1, followed

by a period of relatively orthogonal convergence as the South Atlantic begins to open and South

America advances westward at ∼110 Ma (Seton et al., 2012; Maloney et al., 2013; Butterworth

et al., 2016).

Obliquity estimates derived from these reconstructions are comparable to the angles of obliq-

uity and trench-parallel motion rates of modern systems. If this reconstruction is accurate, our

estimate of 2.0–2.5 km/Myr of slip over that time interval suggests only ∼10–12.5% of trench-

parallel motion was accommodated along the AFS between 130–110 Ma. The remaining 87.5–

90% of trench-parallel motion must have been accommodated outside of the AFS, or may reflect

significant uncertainties in the direction and magnitude of relative plate motion across the Meso-

zoic margin. These uncertainties are reflected in work by Maloney et al. (2013), which compares

convergence rates and absolute plate motion from the Seton et al. (2012) reconstruction to geo-
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logic features in the upper plate. Overall, low degrees of correlation between deformation and

major magmatic events are found. Periods of high magmatic flux such as the development of the

Coastal Cordilleran arc do not correlate with subducting slab age, absolute overriding plate veloc-

ity, or convergence velocity. High trench-normal (>4 cm/yr) convergence rates correlate with the

development of fold and thrust belts along the Andean margin and may contribute to shortening

in the upper plate, but does not uniquely initiate or control the development of high plateaus and

fold and thrust belts (Maloney et al., 2013). The lack of correlation between the geologic record of

the upper plate and plate motion reconstructions, in conjunction with the need to accommodate an

anomalously high proportion of trench-parallel motion outside of a major intra-arc strike-slip fault

system compared to modern systems, may suggest that the convergence rates and absolute plate

motion produced by the model is not entirely correct.

Alternatively, the remaining trench-parallel motion may have been accommodated either along

the slab interface or distributed through forearc rather than fully concentrating in the magmatic

arc. It is difficult to evaluate the role of distributed forearc deformation as long-lived subduction

erosion has removed the western portion of the Late Jurassic–Early Cretaceous arc (e.g., Rutland,

1971; Stern, 1991; Charrier et al., 2007; Ramos and Folguera, 2009; Contreras-Reyes et al., 2014).

Subduction erosion of the upper plate has been tied to a lack of sediments on the subducting plate,

which previous models related to high (>60 mm/yr) convergence rates (e.g., Von Huene and Scholl,

1991; Clift and Vannucchi, 2004; Stern, 2011). In northern Chile, a transition to contraction in the

upper plate during the Late Cretaceous resulted in the inversion and closure of back-arc basins

as well as subduction erosion that removed the western portion of the Late Jurassic–Early Creta-

ceous arc (Kay and Mahlburg-Kay, 1991; Stern, 1991; Charrier et al., 2007; Ramos and Folguera,

2009). Long-lived sediment starvation could promote the high degree of plate coupling between

the subducting oceanic slab and overriding continental plate to produce crustal-scale strike-slip

faults (e.g., Fitch, 1972; Jarrard, 1986). Recent work by Behr and Becker (2018) has suggested

that sparse sediments on the subducting plate result in increased viscosities along the plate-mantle

interface and reduced subduction plate speeds. Therefore, the combination of low slip rates along
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the AFS and evidence for long-lived subduction erosion may record a high rate of coupling and

low convergence obliquity or convergence rate across the Early Cretaceous Peru-Chile trench com-

pared to modern oblique margins.

2.6 Conclusions
Through detailed field mapping and geo/thermochronology, we have identified pre-, syn-, and

post-tectonic intrusions that document the timing, magnitude, and rate of slip along two major

branches the El Salado segment of the Atacama fault system during Early Cretaceous conver-

gence. The ∼134–132 Ma Cerro del Pingo Complex, ∼119 Ma tonalite and surrounding Chañaral

Complex metasedimentary rocks are mylonitic along the eastern margin of the eastern branch of

the AFS, as reported in Chapter 1. Here we document another zone of mylonitic lithologies along

the western margin of the eastern branch, sinistrally separated from the northern occurrences by

32–38 km (∼134–132 Ma phase) and 22–24 km (∼119 Ma phase). This separation yields a slip

rate of ∼1.4–1.7 km/Myr over the ∼23 Myr duration of deformation. Structural data from within

50 m of the principle slip surface of the eastern branch document dominantly sinistral motion on a

N-trending, steeply-E-dipping fault.

We also document a chain of leucocratic felsic igneous bodies across the western branch of the

El Salado segment. The exact restoration of these bodies is complicated by differences in grain

size and texture, but allows ∼8–23 km to restore them to a single continuous trend and ∼14–18

km to restore textural domains. Kinematics derived from structural data are very similar to the

eastern branch, with dominantly sinistral motion on a N-trending, steeply-E-dipping fault with

an average slickenline orientation plunging shallowly N. Assuming the western branch was active

over the same time period as the eastern branch, the slip rate between∼133–110 Ma was∼0.6–0.8

km/Myr.

In summary, the AFS was active between ∼133–110 Ma at an average rate of ∼2.0–2.5

km/Myr, resulting in ∼50 ± 6 km of sinistral displacement. This slip rate is lower than other

modern intra-arc strike-slip faults and suggests plate convergence rates or obliquity may have been
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significantly lower than previously modeled. If the convergence vector derived from previous

plate reconstruction models is correct, the low slip rate along the AFS suggests the vast majority

of trench-parallel slip was accommodated along the slab interface or within the forearc.
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Chapter 3

Sodic-calcic alteration along the ductile Atacama

fault system near Copiapó

Summary
The Chilean Iron Belt hosts world-class iron oxide-copper-gold deposits that are spatially asso-

ciated with the Atacama fault system (AFS). Near Copiapó, clear regional-scale branches no longer

define the AFS, and mineralization in the Punta del Cobre district occurs east of the main system.

The main branch of AFS near Copiapó is defined by a ∼200–500-m-thick steeply NW-dipping

shear zone that lacks brittle overprint. Zircon U-Pb dates document synkinematic emplacement of

a tonalite in the shear zone at ∼122 Ma. NW-dipping mylonitic foliation in the tonalite is oriented

at a low angle to the shear zone boundary, and most lineations plunge shallowly NE. Kinematic

indicators record both sinistral and reverse shear and locally coaxial fabrics dominate, indicating

an overall transpressional regime.

Original mineralogy of the mylonitic shear zone is entirely replaced or annealed by a synk-

inematic sodic-calcic actinolite+epidote+titanite assemblage as well as postkinematic secondary

plagioclase. Replacement by hydrothermal alteration assemblages is most likely due to exso-

lution of fluids from the intrusion of the unstrained ∼115 Ma Sierra Atacama diorite that cuts

the shear zone. The Sierra Atacama diorite is also pervasively altered by a sodic-calcic plagio-

clase+actinolite+titanite (±andradite) assemblage. Finally, the annealed shear zone is cut by a late

andradite+epidote+calcite+quartz (±magnetite±apatite) vein with a∼96 Ma andradite U-Pb date.

Stable isotope analyses yield δ18O values of +11.1‰ (qz), +5.4‰ (grt), and +5.7‰ (ep), indicat-

ing alteration by magmatic fluids at 400◦C. Together, these relationships document three pulses of

hydrothermal alteration over a ∼25 Myr period. The oldest is synkinematic with Early Cretaceous

sinistral shear that overlaps in age with other sections of the AFS. Sodic-calcic mineralization was
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roughly coeval with andradite vein mineralization in the Las Pintadas deposit of the Punta del Co-

bre district based on new∼113–115 Ma Re-Os and garnet U-Pb geochronology. Focused fluid flow

resulting in mineralization along the shear zone utilized the prominent steeply-dipping anisotropy

of the AFS during ductile transpression and did not require coeval brittle transtension along the

AFS, unlike other portions of the Chilean Iron Belt. The lack of brittle faulting in the shear zone

is likely related to continued magmatism associated with the Copiapó batholith complex, which

is younger than most arc plutons in the Coastal Cordillera and most likely sourced the magmatic

fluids responsible for alteration.

3.1 Introduction
The Atacama fault system (AFS) played an important role in controlling major copper deposits

of the Chilean Iron Belt3. Major N-striking fault branches and NNW- and WNW-striking second-

order faults along the AFS provided a focused pathway for fluids, giving rise to some of the largest

iron oxide-copper-gold (IOCG) and iron oxide-apatite (IOA) deposits in Chile (e.g., Espinoza,

1990; Grocott et al., 1994; Vila et al., 1996; Wilson and Grocott, 1999; Grocott and Taylor, 2002;

Arévalo et al., 2006; Cembrano et al., 2009; Marquardt et al., 2009; Rieger et al., 2010, Figure 3.1).

IOA deposits are located along the central and southern portions of the El Salado segment of the

AFS and include El Romeral, Algarrobo, Los Colorados, Cerro Imán, and Cerro Negro Norte

(Bookstrom, 1977; Pimentel and Vega, 1979; Espinoza, 1996; Raab, 2001; Vidal et al., 2001).

IOCG deposits including Las Luces, Casualidad, Santo Domingo, Buena Aventura, Manto Verde,

Candelaria, Carrizal Alto, and Productora are also located along the El Salado Segment, but notably

extend farther north than the IOAs and also occur to the east and west of the main branches of the

fault system (Vila et al., 1996; Marschik and Fontboté, 2001a; Mathur et al., 2002).

3This chapter will be submitted for publication: N.M. Seymour, J.S. Singleton, R. Gomila, J. Ridley, M.L. Geve-
don, H. Stein, G. Yang, G. Arancibia, S.M. Seman, and D.F. Stockli, Sodic-calcic alteration along a Cretaceous
transpressional shear zone near Copiapó, Chile: Implications for IOCG mineralization in the Chilean Iron Belt, in
preparation.
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Near Copiapó, the Punta del Cobre IOCG mining district hosts deposits formed by multiple

hydrothermal alteration and mineralization events. Studies on individual deposits in the Punta

del Cobre district have focused on the extent and style of hydrothermal alteration and miner-

alizing processes including the timing and style of mineralization, and composition and source

of mineralizing fluids (Barton and Johnson, 1996; Marschik and Fontboté, 2001a; Mathur et al.,

2002; Sillitoe, 2003; Gelcich et al., 2005; Tornos et al., 2010; Daroch and Barton, 2011; Rieger

et al., 2012; Lopez et al., 2014; Marschik and Kendrick, 2015; Veloso et al., 2017). Despite this

large body of work, fluid sources responsible for mineralization and genetic relationships between

IOCG/IOA mineralization and plutonic rocks remain debated (Hitzman et al., 1992; Barton and

Johnson, 2000; Marschik and Fontboté, 2001a; Mathur et al., 2002; Barton et al., 2005; Arévalo

et al., 2006; Chiaradia et al., 2006). Two end-member hypotheses exist to explain IOCG ore genesis

in the Chilean Iron Belt: (1) metal- and sulfur-bearing magmatic fluids exsolve from a crystallizing

pluton and deposit ore in overlying country rocks (Marschik and Fontboté, 2001a; Sillitoe, 2003;

Pollard, 2006; Tornos et al., 2020), and (2) evaporite-derived, thermally-driven oxidized brines

leach and redeposit metals from the Jurassic and Cretaceous back-arc basin deposits (Barton and

Johnson, 1996, 2000; Hitzman, 2000). Other authors advocate for a hybrid model with mineral-

ization produced by mixed magmatic fluids and evaporite brines (Williams et al., 2003; Chiaradia

et al., 2006). Some authors have suggested that IOCG and IOA deposits may be genetically related

(Espinoza, 1996; Sillitoe, 2003; Knipping et al., 2015; Corriveau et al., 2016; Reich et al., 2016;

Barra et al., 2017; Ootes et al., 2017). Textural and mineralogical evidence from Gawler Province

in South Australia, the Great Bear district in Northwest Canada, and Los Colorados in northern

Chile suggest IOA deposits are the deeper roots of IOCG systems, with an early IOA stage tran-

sitioning to a later, shallower IOCG stage (Oreskes and Einaudi, 1990; Davidson et al., 2007a,b;

Corriveau et al., 2016; Reich et al., 2016; Ootes et al., 2017). Some models also suggest calcic

skarns serve as feeders for manto-style deposits (e.g., Barra et al., 2017).

Recent work has documented the spatial and temporal association of Coastal Cordilleran arc

magmatism and sinistral strike-slip AFS deformation in northern Chile (Chapter 1). Along parts of
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the AFS mylonitic zones associated with Early Cretaceous plutons are overprinted by brittle faults,

indicating deformation initiated in the ductile regime as the plutons intruded and progressed to

brittle behavior as the plutons cooled. Mineralization in the Punta del Cobre district near Copiapó

occurs east of the main AFS, perhaps because the fault system in this region is a ductile shear zone

with no major regional-scale brittle fault. The shear zone is associated with plutons of the Early

Cretaceous Copiapó batholith, which postdated the main phase of Coastal Cordillera magmatism.

We incorporate geologic mapping, petrography, geo/thermochronometry, and geochemistry on the

ductile shear zone overprinted by sodic-calcic alteration mapped as the main branch of the El

Salado segment of the AFS (Arévalo, 2005a) to determine (1) why the AFS did not evolve to a

brittle fault in this area, (2) the conditions and fluid sources responsible for alteration. We compare

these data to new Re-Os, U-Pb, and stable isotope data a mineralized andradite vein from the Las

Pintadas deposit and published data from the wider Punte del Cobre belt to evaluate how alteration

relates to spatial and temporal patterns of AFS deformation, Coastal Cordillera arc magmatism,

and Chilean Iron Belt mineralization.

3.2 Geologic Setting
Subduction along the Peru-Chile margin has been ongoing since the initial breakup of Pangaea

at ∼200 Ma (Parada et al., 2007; Ramos and Folguera, 2009). The calc-alkaline Late Jurassic-

Early Cretaceous Coastal Cordillera arc and related back-arc basin volcanic deposits developed

above an obliquely convergent margin as the Phoenix (Aluk) plate subducted southeastward below

the N-S trending margin of the South American plate (Coira et al., 1982). Two primary phases of

arc magmatism are documented along the Coastal Cordillera: Jurassic and Early Cretaceous (195–

175 Ma and 150–120 Ma, respectively) with local pluton emplacement occurring until ∼104 Ma

(Naranjo et al., 1984; Dallmeyer et al., 1996; Parada et al., 2007; Oliveros et al., 2010, Chapter 1

and references therein). In northern Chile thermal weakening associated with the shallow (<10

km) intrusion of arc plutons facilitated trench-parallel sinistral motion along the intra-arc Atacama

fault system (AFS), a ∼1,000 km long structure between Iquique (20.5◦S) and La Serena (30◦S)
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comprised of overstepping branches that each have several fault strands. The fault system is divided

into three major segments from north to south: Salar del Carmen, Paposo, and El Salado (Thiele

and Pinchiera, 1984; Naranjo, 1987; Brown et al., 1993; Marinovic et al., 1995; Arévalo et al.,

2003). The El Salado segment of the AFS runs∼480 km from near Taltal to La Serena and features

mylonitic zones developed along the margins of Early Cretaceous plutons that are overprinted by

brittle faults. The volume of Early Cretaceous plutons roughly correlates to the width of these

shear zones, with more voluminous magmatism producing wider shear zones and a later transition

to brittle slip (Chapter 1). The El Salado segment records a transition from mylonitic sinistral

shear coeval with the shallow emplacement of Early Cretaceous plutons to brittle sinistral strike-

slip deformation during a progressive deformation event as the arc migrated eastward and the

upper crust cooled (Brown et al., 1993; Scheuber et al., 1995; Dallmeyer et al., 1996; Scheuber

and Gonzalez, 1999; Grocott and Taylor, 2002, Chapter 1). Eastward migration of the arc and

abandonment of the AFS correlates with a shift in plate motion during final breakup of South

America and Africa as seafloor spreading initiated in the South Atlantic, producing E-directed

contraction across the Andean margin (Royden, 1993; Scheuber et al., 1994; Amilibia et al., 2008;

Ramos, 2009).

3.2.1 Geology of the Copiapó Region

Studies in the Copiapó region have focused on Candelaria and the local deposits of the Punta

del Cobre district (Segerstrom and Ruiz, 1962; Camus, 1980; Ryan et al., 1995; Marschik et al.,

1997; Díaz et al., 1998; Lledó, 1998; Marschik and Fontboté, 2001a; Marschik and Söllner, 2006;

del Real Contreras et al., 2018) as well as batholith- to regional-scale studies on the development

of Early Cretaceous magmatism and the Copiapó batholith (Tilling, 1976; Zentilli, 1974; Arévalo,

1999). Compiled published data record a broad magmatic peak between ∼140–100 Ma due to

the areally extensive Cerro Morado (140–137 Ma), La Borracha (∼107 Ma) pluton, and Copi-

apó batholith (119–97 Ma) which together dominate the volume of exposed rock in the region

(Figure 3.2, Farrar et al., 1970; Arévalo, 1995, 1999; Ullrich et al., 2001; Marschik and Söllner,
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2006; Girardi, 2014). The Copiapó batholith is an Early Cretaceous composite plutonic complex of

broadly dioritic composition with local two-pyroxene diorite, monzodiorite, and tonalite emplaced

into Jurassic and Cretaceous volcanic and marine sedimentary rocks (Marschik and Söllner, 2006).

Individual phases of the Copiapó batholith defined by Tilling (1976); Arévalo (1999); Marschik

and Söllner (2006) include the La Brea diorite (∼118 Ma), San Gregorio monzodiorite (∼115),

Los Lirios complex (∼110), and associated dacite and diorite dikes.

Sedimentary units in the Copiapó region include the Punta del Cobre Formation and the con-

temporaneous Chañarcillo and Bandurrias Groups (Figure 3.2, Segerstrom, 1960; Segerstrom and

Ruiz, 1962; Moscoso et al., 1982). The Lower Cretaceous Punta del Cobre Formation is the basal

unit in the region and includes the Lower Andesite, Dacite, Volcanic-sedimentary, and Upper An-

desite members (Marschik and Fontboté, 2001b). Zircon U-Pb data indicate deposition of this

unit between ∼135–132 Ma (del Real Contreras et al., 2018). Mixed sedimentary rocks of the

Early Cretaceous Chañarcillo Group and the interfingering volcanic rocks of the Bandurrias Group

stratigraphically overlie the Punta del Cobre Formation (Segerstrom and Ruiz, 1962; Marschik and

Fontboté, 2001b; Arévalo et al., 2006). The Chañarcillo Group varies from basal mudstones and

arkoses of the Abundancia Formation, through mudstones and calcareous breccias with an evapor-

itic matrix in the Nantoco Formation, calcareous siltstones of the Totaralilo Formation to the up-

permost cherts, limestones and calcareous sandstones of the Pabellón Formation (Segerstrom and

Parker, 1959; Segerstrom and Ruiz, 1962). The Bandurrias Group interfingers with the Chañarcillo

Group to the north and represents a lateral transition to andesitic volcanics mixed with continental

volcaniclastic strata, tuffs, and intercalated shallow marine limestones and sandstones (Segerstrom,

1960, 1967). Coarse clastic alluvial strata and coeval subaerial volcanics of the early Albian–

Cenomanian Cerrillos Formation (∼111–100 Ma; Maksaev et al., 2009; del Real Contreras et al.,

2018) unconformably overlie the Chañarcillo and Bandurrias Groups (Zentilli, 1974).
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In the Copiapó region, the El Salado segment of the AFS turns from dominantly N-S to an

overstepping set of NE-striking faults. This NE-striking orientation continues to the southern end

of the El Salado segment at La Serena. Unlike other portions of the El Salado segment, no brit-

tle fault is present through this area (Figure 3.2). Instead, the AFS is mapped at 1:100,000-scale

as a subvertical 300–600-m-wide NE-striking ductile shear zone juxtaposing the Sierra Chicharra

Quartz Diorite (128–125 Ma, K-Ar biotite) to the west against Sierra Atacama Diorite (104–117

Ma, K-Ar hornblende) to the east (Arévalo, 2005a). Other significant faults in the region with

ductile fabrics include the Ojanco Nuevo fault and San Gregorio fault. The Ojancos Nuevo fault is

major N-striking, steeply W-dipping structure that is continuous for 5–7 km. This fault juxtaposes

shallow volcanic rocks against mylonitic plutonic rocks, indicating up to 1 km of normal-sense

dip-slip motion (Arévalo et al., 2006; Kreiner, 2011). The San Gregorio fault marks the contact

between the San Gregorio monzodiorite and La Brea diorite and is also NNW-striking and steeply

W-dipping with mylonitic fabrics present along much of the strike length (Arévalo et al., 2006).

The development of these large regional faults post-dates the emplacement of the La Brea dior-

ite and may be coeval with the emplacement of the San Gregorio pluton at ∼115 Ma (Arévalo,

2005a,b). Near these larger faults, a smaller-scale conjugate set of faults dipping 50–90◦ NNW

and 60–90◦ WSW with up to 10s of meters of normal-sense slip served as fluid pathways that

resulted in the development of mineralized vein systems (Kreiner, 2011).

The regional angular unconformity between the underlying Chañarcillo and Bandurrias Groups

and overlying Cerrillos Formation together with Albian (113–100 Ma) apatite fission track dates

(Maksaev, 1990; Gana and Zentilli, 2000) and zircon (U-Th)/He dates (116–96 Ma; Chapter 1)

record compression and basin inversion. Sinistral slip along the AFS transitioned to E-W shorten-

ing that was accommodated across the district by the W-vergent Paipote thrust fault, NNE-trending

upright Tierra Amarillo anticlinorium, and N-striking, steeply dipping faults reactivated in a re-

verse sense. These shortening structures cut both the Copiapó batholith and overlying sedimentary

units (Scheuber et al., 1994; Arévalo, 2005a,b; Maksaev et al., 2009; Martínez et al., 2013; del

Real Contreras et al., 2018). Two younger magmatic peaks (∼95–80 Ma and ∼60 Ma) in the
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easternmost part of the Copiapó region are unrelated to the Coastal Cordillera arc and Copiapó

batholith (Arévalo, 2005a,b).

3.2.2 Mineralization in the Punta del Cobre District

Candelaria and other Punta del Cobre deposits lie ∼17–23 km east of the AFS in the thermal

aureole of the Coastal Cordillera arc plutonic suite (Figure 3.2, Arévalo et al., 2006) and are the

most significant cluster of actively-mined IOCG deposits along the Peru-Chile margin (Sillitoe,

2003). Reserves at Candelaria for both the open pit and underground workings exceed 400 Mt

at 0.53–0.94% Cu (Couture et al., 2017), mineral reserves at Las Pintadas were 4 Mt at 1.0–

1.5% Cu as of 2001 (Marschik and Fontboté, 2001a), and reserves at other deposits in the district

range from 15–180 Mt and 0.8–1.5% Cu (Ichii et al., 2007; del Real Contreras et al., 2018, and

references therein). Two vein systems mineralized over strike lengths of 4–10 km, the Tigresa and

San Francisco systems, contain an estimated resource of ∼1 Mt with an average grade of 1.5% Cu

(Kreiner, 2011). Together, the Candelaria-Punta del Cobre district has a combined past production,

mineral reserves, and mineral resources exceeding 13 Mt of contained Cu, ranking it among the

largest IOCG districts worldwide (del Real Contreras et al., 2018).

Dioritic-granodioritic to quartz monzonitic Coastal Cordilleran arc and Copiapó batholith plu-

tons intrude the back-arc sequence and serve as potential fluid and/or metal sources (Arévalo,

2005a,b). Each phase of the batholith produced an associated hydrothermal system (Barton et al.,

2005, 2011). District-scale alteration associated with these hydrothermal systems is generally

magnetite-destructive and characterized by sodic-calcic assemblages of oligoclase+actinolite with

accessory titanite, rutile, apatite, epidote, and clinopyroxene (Barton et al., 2011). Other types of

alteration present at the district-scale include sodic alteration characterized by albite+pyrite and

chlorite+albite (±hematite±carbonate), several types of potassic alteration, and chloritic, sericitic,

and advanced argillic assemblages (Kreiner, 2011).

Alteration related to vein systems is similar, if not identical, to the district-scale assemblages

(Barton et al., 2005, 2011). An important difference is the stability of magnetite in sodic-calcic

114



styles of alteration related to the vein systems, as opposed to the magnetite-destructive charac-

ter of district-scale alteration. Mineralization within the district-scale alteration occurs in two

main styles: (1) disseminated, patchy sulfide mineralization hosted by stratigraphically-controlled

replacement and breccia-hosted ore bodies, and (2) vein, manto bodies, and breccia-hosted min-

eralization formed along zones of faulting and fracturing in the batholith and supracrustal rocks

(Camus, 1980; Ryan et al., 1995; Marschik and Fontboté, 2001a). Stratabound deposits are primar-

ily concentrated in the Punta del Cobre Formation and lower Chañarcillo and Bandurrias Groups.

Iron oxide-dominated associations composed of magnetite or hematite within the vein sys-

tems or breccias are the primary ore targets. Ore mineralogy at Candelaria consists mainly of

magnetite, chalcopyrite, and pyrite, with Au commonly associated with chalcopyrite and pyrite

(Ryan et al., 1995). Ore bodies a close spatial and temporal relationship with texturally destruc-

tive, iron oxide- and sulfur-poor calcic amphibole alteration in the surrounding wall rock that

overprints earlier biotite-quartz-magnetite alteration (Ryan et al., 1995; Ullrich and Clark, 1999;

Marschik et al., 2000; Marschik and Fontboté, 2001a; Barton et al., 2011). Throughout the district,

calcic assemblages consist of epidote+quartz(±actinolite) and locally include euhedral, granu-

lar epidote+actinolite+pyrite+chalcopyrite (Kreiner, 2011). Mineralized calcic veins in the form

of andradite skarns at Atacama Kozan and Las Pintadas are found structurally below stratabound

manto deposits, and may represent deeper levels of the same mineralizing system (e.g., Barra et al.,

2017).

Three primary generations of vein formation have been documented in the Copiapó region: (1)

an early stage hosted by the Early Cretaceous volcanic-sedimentary sequence and cut by∼127 Ma

dikes, (2) a main stage related to emplacement of La Brea diorite at ∼117 Ma, and (3) a late stage

at∼115 Ma hosted in the San Gregorio monzodiorite (Zentilli, 1974; Marschik et al., 1997; Ullrich

and Clark, 1999; Kreiner, 2011). 40Ar/39Ar dates on hydrothermal biotite at Candelaria constrain

the timing of alteration to 116–110 Ma (Ullrich and Clark, 1998, 1999; Marschik and Fontboté,

2001a), and Re-Os dates of 115.2–114.2 Ma on molybdenite (Mathur, 2002) indicate Cu-Au min-

eralization was contemporaneous with nearby Copiapó batholith emplacement. Ore textures and
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steeply-dipping brittle faults that grade downward into gently dipping ductilely deformed rocks

suggest mineralization occurred during the transition from ductile to brittle deformation in the

presence of a cooling hydrothermal system (Arévalo et al., 2006). Early iron oxide mineraliza-

tion occurred at 500–600◦C based on biotite-garnet thermometry on pre-chalcopyrite alteration at

Candelaria (Ullrich and Clark, 1997), followed by main-stage sulfide mineralization at 400–500◦C

based on mineralogic evidence at the Carola mine (Hopf, 1990).

Fluid inclusion homogenization temperatures from across the Copiapó region vary with depth

and range from 350–450◦C at the deepest levels to 200–250◦C at shallower levels (Rabbia et al.,

1996; Marschik et al., 1997; Kreiner, 2011). Salinities range from 12–59 wt% NaCleq and con-

tain up to 13–23 wt% CaCl2 (Marschik et al., 1997; Kreiner, 2011). Oxygen isotope values for

quartz associated with main-stage chalcopyrite mineralization at Candelaria are +11.2 to +12.6‰

δ18OSMOW, and fluid inclusions in the Candelaria quartz homogenize at 370–440◦C corresponding

to an equilibrium fluid composition of +5.9 to +8.9‰ δ18OSMOW (Marschik et al., 2000). Sulfur

isotopes (δ34S) in sulfides ranges from -3.2 to +7.2‰ with an average near 0‰ (Rabbia et al.,

1996; Marschik et al., 1997; Ullrich and Clark, 1999; Marschik and Fontboté, 2001a; Kreiner,

2011), which has been interpreted by some workers to indicate a magmatic source for sulfur

(e.g., Marschik et al., 2000; Marschik and Fontboté, 2001a) while others favor a mixed magmatic-

evaporite source (Ullrich and Clark, 1999; Marschik and Söllner, 2006) or partial reduction of sul-

fate in sedimentary evaporites with no magmatic component as the sulfur source (Kreiner, 2011).

Initial Os isotopic values in the Punta del Cobre district and the magmatic magnetite in the sur-

rounding plutons are very similar (0.36 ± 0.1 at Candelaria, 0.33 at Bronce, and 0.21–0.41 in

regional plutons, respectively), suggesting a magmatic metal source in the Candelaria–Punta del

Cobre district (Mathur et al., 2000, 2002). However, none of these studies have established a direct

link between the mineralizing fluid and a causative pluton, and the discussion regarding a purely

magmatic versus evaporite-derived fluid source is ongoing.

In all Punta del Cobre deposits, late stage calcite post-dates both iron oxide and sulfide min-

eralization. Oxygen isotope ratios of calcite at Candelaria deposit are between +11.7 to +11.9‰
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(Marschik et al., 2000), the Carola mine ranges from +15.4 to +15.9‰ (Rabbia et al., 1996), and

the Santos and Socavón Rampa mines range from +14.3 to +15.3‰ (Marschik et al., 2000). Fluids

in equilibrium with the late-stage calcite at these mines correspond to compositions of –5.4 and

+1.3‰ δ18OSMOW at temperatures of 100–180◦C (Candelaria deposit, Marschik et al., 2000), +4.6

and +7.7‰ δ18OSMOW at 175–235◦C (Carola deposit, Rabbia et al., 1996), and –2.8 and +4.7‰

δ18OSMOW (Santos and Socavón Rampa deposits, Marschik et al., 2000). The low oxygen isotope

ratios and low equilibrium temperatures suggest mixing between a magmatic fluid and basinal

brine or meteoric water in the final stage of a cooling hydrothermal system (Marschik and Font-

boté, 2001a).

3.3 Methods

3.3.1 Mapping & Structural Data

This study area is centered on an AFS ductile shear zone located ∼17 km SW of Copiapó,

∼20 km WNW of Candelaria, and ∼19 km NW of the Las Pintadas deposit. Previous bedrock

mapping was conducted at 1:100,000 scale by Arévalo (1995, 2005a,b), and alteration has been

mapped at a regional scale by Kreiner (2011), Barton et al. (2013), and others. We conducted

1:10,000-scale field mapping to understand and resolve the relationships between the AFS ductile

shear zone and plutons. We documented lithologies, degree of ductile strain, geometry of fab-

rics, crosscutting relationships, and alteration and collected samples for thin section petrography

and geo/thermochronometric analyses from syn- and post-kinematic plutons (Table 3.1). Alter-

ation, spacing of foliation, quartz strain, and presence of shear bands were used to distinguish

mylonitic fabrics from magmatic fabrics in the field. Observations were confirmed in thin section

by characterizing the presence or absence of deformation within individual mineral phases. Shear

sense indicators including asymmetric porphyroclasts, asymmetric folds, foliation patterns, and

shear bands were used to determine the kinematics of mylonitic fabrics. Average structural ori-

entations were determined using maximum eigenvectors in the program Stereonet (Allmendinger

et al., 2011; Cardozo and Allmendinger, 2013).
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3.3.2 Geochronology

U-Pb Geochronology

U-Pb geochronology was used to directly date both the garnet and surrounding plutons in order

to understand the timing of vein formation and its relationship to arc magmatism. Internal garnet

fragments from samples 161-13 and 181-N144 were mounted in epoxy, polished, and analyzed

with energy dispersive spectroscopy on a Phillips/FEI XL30 environmental scanning electron mi-

croprobe to determine garnet end-member composition and look for growth zonation prior to U-

Pb analysis. Zircon grains were separated from igneous samples 161-2, 161-9, and 191-N116 via

standard crushing, magnetic, and density separation procedures. A subset of zircon grains were

mounted in epoxy and polished for cathodoluminescence (CL) imaging to document the internal

textures of grains (Appendix 3.6). In order to capture thin zonation domains imaged in CL too

small for spot analysis on polished mounts, additional whole, unpolished zircon grains from sam-

ples 161-2 and 161-9 were mounted parallel to the c-axis on double-sided tape for depth-profile

analysis (e.g., Marsh and Stockli, 2015). Zircon grains and garnet fragments were analyzed for

U-Pb with a Photon Machines Analyte G.2 Excimer laser paired with a ThermoScientific Element

II magnetic sector inductively coupled plasma mass spectrometer (ICP-MS) at the University of

Texas at Austin using the methods of Seman et al. (2017) for andraditic garnet and the methods

outlined in Chapter 1 for zircon. Weighted 206Pb/238U average dates with 2σ error calculated in

Isoplot 4.15 (Ludwig, 2003) are reported (Table 3.2).

(U-Th)/He Thermochronology

Zircon (U-Th)/He analyses were conducted on samples 161-2 and 161-9 according to the meth-

ods outlined in Wolfe and Stockli (2010). Aliquots were assigned an 8% analytical error based on

the long-term laboratory reproducibility of the Fish Canyon Tuff zircon standard (e.g., Reiners

et al., 2002, 2004). Dates are reported based on the average of 3–6 single grains per sample and

two times the larger of either the traditional or alternative standard error of the average calculation

(Table 3.2). Full (U-Th)/He methodology is given in Chapter 1.
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Table 3.1: Summary of sample lithology.

UTM Coordinates1

Sample Easting (m) Northing (m) Mineral Unit Name

161-2 352915 6961489 zircon Sierra Chicharra qtz diorite
161-9 353490 6960937 zircon Sierra Atacama diorite

191-N116 353908 6962863 zircon Sierra Pajas Blancas granodiorite

161-14 353369 6961503 andradite AFS Andradite Vein
181-N144 366414 6947441 andradite Las Pintadas Andradite Vein
181-N144 366414 6947441 pyrite Las Pintadas Andradite Vein
181-N144 366414 6947441 chalcopyrite Las Pintadas Andradite Vein

1Coordinates in Universal Transverse Mercator (UTM) World Geodetic System 1984 (WGS84).

Re-Os Geochronology

Pyrite and chalcopyrite powders from the Las Pintadas andradite vein were acquired using a

diamond-tipped drill on targeted occurrences within hand samples under the binocular microscope,

weighed, and loaded into cleaned Carius tubes. Powders were combined with isotopic spike solu-

tions of single 185Re and 190Os (LL Runs) or a 185Re-188Os-190Os mixed double spike (MD Runs;

Markey et al., 2003) while sitting in a dry ice-acetone cold slush. Spike designations are given

under the AIRIE Run designation in Table 3.3. About 4–6 mL or 12–15 mL concentrated HNO3

was added for LL and MD sample digestions, respectively. Carius tubes were sealed and placed

in an oven at 230◦C for 12 hours. After sample digestion, Os was isolated using CHCl3 solvent

extraction and back extracted with HBr. Two micro-distillations using Cr(VI)-H2SO4 into HBr

were used to further purify the Os separate. Rhenium was then separated by anion exchange resin

column chromatography using 0.18 g Eichrom 1×8 100-200 mesh Cl-form resin. Further purifi-

cation of Re was made using a resin bead clean-up step (Yang et al., 2020). Additional analytical

protocol details are given in Zimmerman et al. (2014) and Georgiev et al. (2018).

Purified Re and Os were loaded onto outgassed Pt filaments along with Ba(NO3)2 and Ba(OH)2

as activators, respectively. Both Re and Os isotopic ratios were measured by negative thermal ion-

ization mass spectrometry (N-TIMS) on Triton machines at the AIRIE Program, Colorado State

University. Re isotopic ratios were measured simultaneously on Faraday cups with 11âĎę am-
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plifiers, and Os isotopic ratios were acquired in peak-jumping mode by SEM. Measured isotopic

ratios of Re and Os were corrected for isobaric oxygen interferences, mass fractionation of Os

(192Os/188Os = 3.08271), and blank contributions. In all cases, Re and Os blanks are very low

and at maximum constitute <0.018% of the Re measurement, and <0.32% of the Os measurement

(Table 3.3). Except for one maximum sample, all Re blank contributions are <0.01%, and except

for one maximum sample, all Os blank contributions are <0.24%. Re-Os isochrons were obtained

using Isoplot 4.15 3.0 (Ludwig, 2003) with a 187Re decay constant of 1.666×1011/year (Smoliar

et al., 1996).
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Table 3.2: Summary of U-Pb and (U-Th)/He data.

U-Pb (U-Th)/He
Sample Date Range Mean Date±2σ (Ma) n MSWD Mean Date±1σ (Ma) n SE1 Alt SE Max SE

161-2 116.0-131.9 122 ± 1.2 31/33 4.9 69 ± 0.5 3/6 0.2 2.7 4.7
161-9 104.3-136.1 115 ± 0.7 9 0.3 87.1 ± 4.6 6/6 1.9 2.6 5.2

191-N1163 100.6-143.1 103.2 ± 4.2 3 1.6 - - - - -

161-143 - 96.1 ± 2.3 38 1.3 - - - - -
181-N1443 - 115.7 ± 1.2 55 1.4 - - - -

1SE denotes Standard Error (see Table 1.2). 2Date based on youngest 3 grains. 3Date calculated from Tera-Wasserburg lower intercept.

Table 3.3: Summary of Re-Os geochronometric data. Letter designation refers to spatially unique mineral separations within sample 181-N144.

AIRIE Run # Mineral Fraction Model Date (Ma)1 Error2 Common Os (ppb) Error (2σ) Re Blank (%)3 Os Blank (%)3

LL-1103 Pyrite (B) 122.7 1.9 0.6 2.5E-3 4.7E-5 3.2E-4
LL-1104 Pyrite (C) 114.7 1.7 0.1 8.9E-4 5.4E-5 9.9E-4
LL-1105 Chalcopyrite (D) 105.1 2.9 8.0E-3 2.8E-4 8.3E-5 3.3E-3
LL-1106 Chalcopyrite (E) 109.2 1.5 3.6E-2 3.4E-4 8.3E-5 2.4E-3
LL-1120 Pyrite (F) 115.2 1.3 0.3 3.8E-4 9.2E-5 1.1E-3
LL-1121 Pyrite (G) 114.1 1.3 0.3 3.1E-4 1.0E-4 1.0E-3
LL-1122 Chalcopyrite (H) 114.3 1.3 0.1 2.0E-4 1.8E-4 2.1E-3

1Model date calculations assume 187Os/188Osinitial = 0.50 ± 0.01. 2Includes uncertainty on decay constant. 3Blank contributions as a
percentage of the total Re and Os in each run.

AIRIE Run # Mineral Fraction1 Model Date (Ma)2 Error3 187Re/188Os Error (2σ) 187Os/188Os err (2σ) ρ4

MD-1820 Pyrite (A) 153.5 6.7 1078.3 15.8 3.0 0.2 1.2E-5
MD-1856 Chalcopyrite (D) 114.8 0.7 22070.3 370.7 42.5 0.8 0.8

1(D) refers to the same separate as LL-1105. 2Model date calculations assume 187Os/188Osinitial = 0.20. 3Includes uncertainty on decay
constant. 4Error correlation between 187Re/188Os and 187Os/188Os.
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3.3.3 Geochemistry

Whole-Rock Geochemistry

Altered samples 191-N90 and 191-N81 and their unaltered plutonic equivalents 191-N88 and

191-N124 were pulverized and sent to Activation Laboratories, Ltd. for major and trace element

whole-rock geochemistry. Samples were subjected to a four-acid leach according to the 4E-

Exploration analytical package and analyzed by inductively coupled plasma mass-spectrometry.

Values are reported as weight percent oxides for major elements and ppm for trace elements (Ta-

ble 3.4).

Stable Isotope Analysis

Stable isotope analyses were performed in order to understand the composition, temperature,

and potential source of fluids responsible for andradite vein formation. Silicate mineral separates

were washed in dilute HCl to remove carbonate, rinsed in deionized water, and hand-picked under

a binocular microscope to avoid pieces with visible mineral inclusions. Iron oxides and mineral

fragments with iron oxide inclusions were removed with a hand magnet. Approximately 2.0 mg of

mineral separates were analyzed on a BrF5 laser fluorination extraction line coupled with a Thermo

MAT253 stable isotope ratio mass spectrometer at the University of Texas at Austin according to

the methods presented in Sharp (1990). Garnet and quartz standards UWG-2 (δ18O +5.8‰, Valley

et al., 1995) and Lausanne-1 (δ18O +18.1‰; in-house standard) were run as a part of the analytical

session to track precision and accuracy of measurements. Analytical error is ±0.1‰ and silicate

isotopic values are reported relative to Standard average Ocean Water (SMOW). For calcite δ18O

analyses, 0.25–0.5 mg of calcite was loaded into Exetainer vials, flushed with ultra-high purity He,

and reacted with 103% H3PO4 at 50◦C for ∼2 hours following methods modified from Spötl and

Vennemann (2003). Headspace CO2 was analyzed on a Thermo Gasbench II coupled to a Thermo-

Electron 253 mass spectrometer. Samples were calibrated to standards NBS-18 (δ18OPDB -23.01‰,

Verkouteren and Klinedinst, 2004), NBS-19 (δ18OPDB -2.2‰, Verkouteren and Klinedinst, 2004),

and UT-Marble (in-house). Analytical error is ±0.13‰ based on the long-term reproducibility of
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Table 3.4: Whole-rock geochemistry data. Major elements are given in weight percent and trace elements
are given in parts per million (ppm).

Element1 191-N90 191-N81 191-N88 191-N124

SiO2 63.42 66.96 63.66 51.38
TiO2 1.44 0.79 0.53 1.01

Al2O3 14.59 17.70 17.32 18.92
Fe2O3 3.18 0.92 4.41 9.92
MnO 0.04 0.02 0.09 0.14
MgO 3.79 0.99 1.78 4.59
CaO 6.95 4.89 4.84 10.11
Na2O 5.55 7.08 4.75 3.74
K2O 0.37 0.32 2.41 0.29
P2O5 0.37 0.02 0.12 0.12

As 3 - - -
S 100 120 60 140

Rb - - 30 -
Ba 42 47 300 117
Sr 246 326 337 426
Cr 36 20 5
Ni 13 6 6 8
V 165 64 79 312
Sc 21.6 3.3 12.3 34.7
Zn 6 7 21 53
U 6.3 - 1.4 -
Zr 408 146 123 56
Hf 12.1 - - -
Y 48 29 18 15
Th 5.8 4.4 6 -
La 19.5 6.7 15.4 6.3
Ce 68 26 31 31
Nd 48 23 16 10
Sm 10.7 5.4 3.2 2.5
Eu 2.9 0.8 0.9 0.9
Gd - - - -
Tb 1.7 - - -
Yb 7.3 3.7 2.8 2
Lu 0.88 0.31 0.28 0.12

1Cs, Li, Pb, Ga, Ge, Bi, Nb, Ta, Tl, Pr, Gd, Dy, Ho, Er, and Tm were included in the analysis but
fell below limits of detection.
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Table 3.5: Oxygen stable isotope data.

Sample Mineral Mass (mg) Pressure δ18O δ17O 17/18O δ18Ocorr

161-14 quartz 2.07 9.9 11.05 5.84 0.53 11.1
161-14 quartz 1.86 9.0 11.10 6.00 0.54 11.1
161-14 garnet 2.14 7.9 5.44 2.96 0.54 5.4
161-14 garnet 2.04 7.3 5.33 2.91 0.55 5.3
161-14 epidote 1.87 7.4 5.67 3.09 0.55 5.7
161-14 epidote 1.88 7.5 5.64 3.05 0.54 5.6

181-N144 actinolite 1.26 4.6 7.90 3.99 0.51 7.8
181-N144 garnet-dark 1.97 6.6 7.94 4.06 0.51 7.9
181-N144 garnet-light 2.14 7.1 8.45 4.46 0.53 8.4
181-N144 quartz 2.05 8.9 11.64 5.82 0.50 11.6

Temperature Calculations
Mineral Pair Temperature (◦C) + (1σ) - (1σ)

qtz-andr 431 24 27
qtz-epi 319 49 61

qtz-light andr 828 72 87
qtz-dark andr 691 53 61

qtz-act 559 46 54
cal-act 505 96 134

Fluid Composition Calculations
Mineral δ18Omineral Temperature (◦C) δ18Owater

andradite 5.4 430 8.1
quartz 11.1 430 7.1
quartz 11.1 320 4.6
epidote 5.7 320 5.0

light andradite 8.5 830 10.5
dark andradite 7.9 830 11.0

quartz 11.6 830 10.6
quartz 11.6 560 9.1

actinolite 7.9 560 9.7
actinolite 7.9 505 9.6

calcite 11.1 505 9.9
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UT-Marble. Calcite isotopic values are reported relative to Pee Dee Belemnite (PDB). Thermom-

etry calculations were performed utilizing ThermoOx 1.0.1 and the DBOXYGEN 2.0.3 database

(Vho et al., 2020).

3.4 Results

3.4.1 Map relationships

Here we present crosscutting relationships determined via mapping and the timing of those

relationships as determined by U-Pb geochronology. Exposures west of the AFS shear zone

(Figure 3.3) consist of a medium-grained mesocratic biotite quartz diorite mapped by Arévalo

(2005a,b) as the Sierra Chicharra pluton. Plagioclase is the dominant phase (55–65%) and is found

as 2–4 mm euhedral- to subhedral crystals with oscillatory zoning, polysythetic twins, Carlsbad

twins, and rare deformation twins (Figure 3.4). Quartz occurs as anhedral ∼1 mm crystals, is

a lesser (10–15%) component of the rock, and does not display undulose extinction or dynamic

recrystallization. Potassium feldspar is absent. Mafic phases include subequal proportions of 0.5–

1 mm brown biotite and green hornblende, locally with apatite inclusions. Magmatic foliation

defined by aligned biotite with an average orientation of 219/79 W is pervasive throughout the

exposure of the pluton (Figure 3.5). Outcrop exposures are recessive, and the pluton is weathered

to grus (Figure 3.6).
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The Sierra Chicharra pluton is generally unaltered, with the exception of sausseritization in the

Ca-rich cores of some plagioclase and local development of chlorite and titanite with increasing

proximity to the shear zone. Near the margin of the shear zone, the magmatic fabric transitions

to a zone of hydrothermally-altered protomylonitic and mylonitic fabrics described below. The

Sierra Chicharra quartz diorite has a 122.0 ± 1.2 Ma zircon U-Pb date (n = 31/33; MSWD = 4.9,

Figure 3.7) with a population of 7 older grains (∼126–132 Ma) and 5 younger grains (∼116–118

Ma). Decreasing the discordance threshold to <5% gives an a weighted mean date of 122.6 ± 1.2

Ma (n = 27/33, MSWD = 5.9). Th/U values consistently cluster around ∼1 (0.95 ± 0.15; range

0.69–1.29) except for a few grains with a Th/U of ∼0.23–0.28. Grains with low Th/U are not

restricted to a particular date range. Individual zircon (U-Th)/He aliquot dates cluster around 69

Ma (68.6–69.5 Ma) with one aliquot at 84.4 Ma (sample 161-2; Table 3.2).

The transition to protomylonites and mylonites correlates with the edge of a bleached zone

of hydrothermal alteration trending ∼212◦. Pinstripe ultramylonites with a "sugary" texture and

well developed, distinctly green and white banding characterize the shear zone (Figure 3.6). Com-

positional banding is much more strongly developed than in the magmatic fabrics of the Sierra

Chicharra quartz diorite, and spacing of foliation varies from the cm to mm-scale (Figure 3.4).

Although the fabrics in the shear zone appear mylonitic at the outcrop scale, petrographic analysis

reveals these fabrics are completely annealed. Dark green foliation planes are defined by aligned

actinolite, epidote, and titanite. Locally, rutile mantled by elongate titanite is also present and acti-

nolite shows undulose extinction. White bands are coarse, blocky plagioclase, which are grown

around the mafic phases in a chessboard pattern in samples with closely spaced foliation and pinned

between foliation planes where spacing is on the order of∼1 mm (Figure 3.7). Igneous plagioclase

textures such as oscillatory zoning and polysynthetic twins are absent, and crystals are large (3 to

>10 mm) compared to other phases (<1 mm, with most ≤0.5 mm). Together these observations

indicate the plagioclase is a secondary alteration phase rather than an original igneous phase. Sam-

ples with very finely spaced foliation planes hosted in secondary feldspar are concentrated near the

center of the shear zone.
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The average mylonitic foliation orientation is 218/74 NW (Figure 3.5). Lineations are relatively

rare and occur in ∼37% of outcrops, dominantly plunging <45◦ from the NE. Lineations have an

average orientation of 033/20. Kinematic indicators in the shear zone such as interactions between

foliation planes and shear bands record sinistral shear as well as apparent reverse motion, but φ-

clasts and the symmetric warping of foliation around boudinaged layers appear to record a high

degree of coaxial strain. Near the center of this ∼200–500-m-wide shear zone, foliation-parallel

breccia zones up to 10 cm wide locally cut mylonites; however, a map-scale brittle fault is not

present in this area. Breccias within the mylonite zone have angular clasts of the green-and-white

banded ductile fabrics in a matrix of actinolite and epidote and do not show evidence of internal

strain (Figure 3.4). Locally, the long axes of the actinolite and epidote in the breccia matrix are

aligned, but the long axes of clasts do not have a preferred orientation and often display a jigsaw

pattern in outcrop (Figure 3.6).

Within the shear zone a ∼2–3 m wide andradite vein extends ∼775 m along a NNE-SSW

(∼023◦) trend. Vein mineralogy is dominantly (90–95%) euhedral brown garnet up to 0.5 cm with

lesser euhedral green epidote up to 1 cm long, euhedral quartz up to 0.5 cm long, magnetite, and

calcite. Quartz, epidote, and calcite are interstitial to garnet, indicating garnet crystallized before

other phases. Locally, mineralogy varies to include anhedral masses of 0.5–1 mm apatite. Where

this occurs, anastomosing veins of iron oxide often cut grain boundaries of the apatite. No sulfides

are present. The margins of the vein are relatively sharp and lined with massive anhedral garnet

grading into bleached wallrock over ∼1–2 mm, which together with euhedral crystals within the

vein indicates precipitation in an open space rather than replacement of country rock. There is no

evidence for ductile or brittle deformation within the andradite vein.

The eastern margin of the shear zone is cut by an intrusive contact with a bleached but internally

unstrained pluton with similar alteration mineralogy to that of the mylonites within the shear zone,

containing abundant actinolite and epidote concentrated in veinlets surrounded by fractured pla-

gioclase. Locally, veinlet-hosted actinolite is full of cleavage-parallel, sub-µm mineral inclusions,

indicative of the presence of hydrothermal fluids during crystallization. Titanite and local sub-
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to anhedral brown garnet with rims of actinolite and titanite occur distributed within the pluton,

not connected to obvious veins or fluid pathways, indicating alteration was pervasive throughout

the pluton and not concentrated solely along veins. Textures within the bleached pluton are lo-

cally igneous rather than secondary, and alteration is incomplete as evidenced by the preservation

of 1–2 mm subhedral plagioclase with original igneous textures including oscillatory zoning and

polysynthetic twinning and the presence of large (>10 mm), cloudy, anhedral secondary feldspar

with abundant fluid inclusions and no zoning or twinning (Figure 3.4). The igneous texture is

subhedral granular, with quartz and plagioclase displaying straight, polygonal grain boundaries.

Locally, bands of titanite and actinolite define compositional bands sub-parallel to zones of sec-

ondary feldspar development; however, undulose extinction and other evidence of internal mineral

strain are lacking. The altered portion of this pluton is resistant and forms the ridgeline of the

range. Moving farther to the east away from the shear zone, alteration is less pervasive, and

the unaltered pluton appears to be a mesocratic medium-grained hornblende diorite. Some larger

(0.75–1 mm) plagioclase crystals have relatively high-relief fractured cores with well-developed

black-and-white polysynthetic twins with rims of lower-relief, dominantly gray and black twinned

plagioclase, reflecting a change in composition. Most plagioclase consists of this outer compo-

sition and forms an anhedral granular texture of 0.25–0.75 mm interlocking crystals. Quartz is a

minor phase and forms 0.05–0.25 mm anhedral crystals. Green hornblende and iron oxide phases

form clusters that occasionally have ∼0.5-1.5 mm relict cores of clinopyroxene with embayed

edges. As with the altered portion of the pluton, there is no alignment of minerals, and the igneous

textures do not record strain.

Zircon textures and U-Pb dates of the altered pluton are complex and show evidence of inter-

action with fluids. Cathodoluminescent imagery of the zircons from sample 161-9 shows complex

internal textures with overgrowths (Figure 3.7). Cores retain oscillatory zoning, but the zones are

often blurred. Other cores have convolute zoning patterns with complex patches of bright and dark

CL response. Irregular dissolution/recrystallization fronts cut internal domains and are typically

medium to bright gray. Overgrowths are typically medium gray and patchy, and in some grains
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Figure 3.6: Field photographs showing (a) the magmatic foliation in the Sierra Chicharra quartz diorite west
of the shear zone, (b) green and white banding in the hydrothermally altered mylonitic shear zone defining
the AFS, (c) clasts of altered mylonite in a jigsaw breccia, (d) the unstrained, altered Sierra Atacama diorite
cutting the mylonitic shear zone (yellow line), (e) bleached white appearance of the altered, unstrained Sierra
Atacama diorite, (f) outcrop appearance of the unaltered, unstrained Sierra Atacama diorite, (g) outcrop of
the ∼2-3-m-wide andradite vein within the mylonitic shear zone, and (h) the fresh, unstrained hornblende
diorite cutting the altered mylonite zone (yellow line).
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this texture has almost completely replaced original internal textures. Complex internal zonation is

reflected in the spread of U-Pb dates on the internal domains of single grains in polished mounts,

which range from 118.9–136.1 Ma and lack a coherent single population of dates. This may indi-

cate a significant component of inherited and/or antecrystic zircons, consistent with petrographic

evidence for the inheritance of clinopyroxene and plagioclase cores into the magma. External do-

mains documented in polished mounts range from 110.3–116.2 Ma, and may record a significant

degree of recrystallization in the presence of fluids. Depth-profile analysis of additional zircons

from this sample documented single grain dates ranging from 104.3–130.3 Ma. Grains of all ages

have Th/U values ranging from 0.15–1.69 (average 1.03 ± 0.42) and do not show systematic vari-

ations in Th/U, [U], or degree of discordance with date. Coupled with petrographic evidence for

a phase of syn-emplacement alteration and zircon U-Pb evidence from a hornblende diorite dike

(discussed below), we interpret a 115 ± 0.7 Ma zircon U-Pb emplacement date for the pluton (n

= 9, MSWD = 0.3, Figure 3.7). Increasing the discordance threshold to <5% for this set of grains

yields a weighted mean date of 115.2± 1.9 Ma (n = 8/9, MSWD = 0.3). Zircon (U-Th)/He analysis

produced an average date of 87.1 ± 5.2 Ma with individual grain aliquots ranging from 81.2–93.3

Ma.

A small intrusive body of unstrained medium-grained hornblende granodiorite and a horn-

blende granodiorite dike intrude the shear zone. These bodies are unaltered and have sharp contacts

with the surrounding altered mylonite zone (Figure 3.6). The dike is dominantly subhedral plagio-

clase with Carlsbad, polysynthetic, and minor deformation twins with lesser abounds of ∼0.5 mm

quartz, 0.25–0.75 mm potassium feldspar, and 2–3 mm subhedral green hornblende with irregular

grain boundaries (Figure 3.4). Locally there are finer-grained zones of feldspar (0.05–0.20 µm).

These phases do not show undulose extinction or a preferential orientation. Alteration is limited

to incipient development of sericite within plagioclase. Zircon grains from the hornblende diorite

dike (sample 191-N116) are euhedral and have complex internal textures with igneous zoning and

overgrowths, including core and rim relationships, convoluted zoning, and recrystallization fronts

similar to those documented in the altered Sierra Atacama diorite (Figure 3.7). Cores are often
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bright, with dark inner rims and medium-gray outer rims. Oscillatory zoning is almost entirely

destroyed and replaced by mixed bright and black domains. Where oscillatory zoning remains, the

zones have been blurred. Overgrowths are patchy in CL and uniformly medium-gray, and in some

grains this patchy, medium-gray texture has replaced the entire zircon structure. Recrystallization

fronts are irregular and crosscut other internal textures. U-Pb analyses of these grains yielded a

range of single-grain dates between 114.2–132.9 Ma and two slightly older dates (137.2 Ma and

143.1 Ma) for grains with <10% discordance. Additional depth-profile analyses yielded a range of

single-grain dates from 100.6–132.9 Ma. The range of dates for both analysis types overlaps with

both the western Sierra Chicharra quartz diorite (125–128 Ma, biotite K-Ar; ArÃl’valo, 2005a)

and the eastern Sierra Atacama diorite (104–117 Ma; Arévalo, 2005a,b), including a population

that overlaps the overgrowth dates in sample 161-9 (Figure 3.7). This overlapping range of dates

is in conflict with field relationships documenting the intrusion of this dike after the alteration of

the ∼115 Ma Sierra Atacama diorite, and as such we interpret the majority of zircon grains from

this dike to be inherited xenocrysts and/or antecrysts from the surrounding plutons. We note the

absence of single-grain dates younger than ∼114 Ma, and together with field evidence for the lack

of alteration further supports an intrusion age of the Sierra Atacama diorite by ∼115 Ma with con-

tinued hydrothermal alteration producing the ∼114–104 Ma range of dates seen in sample 161-9.

The youngest three depth-profile analyses give a weighted average of 103.2 ± 4.2 Ma (MSWD =

1.6) and are younger than single-grain dates documented in the other plutons. We note that the

youngest grain is ∼15% discordant, and removing this analysis gives a date of 103.7 ± 10.6 Ma.

As such, we interpret the dike and small hornblende granodiorite intrusion to be no older than

∼103 Ma.

Finally, a medium- to coarse-grained melanocratic hornblende diorite cuts both the annealed

shear zone and the bleached Sierra Atacama diorite at the northern end of the study area and

continues to the southeast. Mineralogically, this body is 30–55% 1–4 mm plagioclase with well-

developed oscillatory zoning, Carlsbad twins, and polysynthetic twins, ∼5–10% <1 mm anhedral

quartz, and ∼35–65% eu- to subhedral green hornblende, locally up to cm-scale (Figure 3.4).
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All phases are unaltered with minimal development of sausserite within plagioclase and limited

replacement of hornblende by biotite, and there is no alignment of grain long axes. Undulose

extinction is locally present in quartz, but there is no evidence of dynamic recrystallization. The

contact with the Sierra Atacama diorite is intrusive rather than faulted. This contact becomes hard

to trace in the field due to the similarity of the color index and mineralogy, but is likely defined by

mine workings on the eastern side of the study area. Workings are associated with the development

of hydrothermal actinolite at ∼103–99 Ma (102.7 ± 1.4 Ma and 99.3 ± 1.3 Ma, Díaz et al., 2003)

but lack the characteristic bleaching of the western margin of the Sierra Atacama diorite where it

cuts the shear zone.

3.4.2 Geochemistry

Whole-rock Geochemistry of Plutons & the Shear Zone

Whole-rock geochemistry of the ∼122 Ma Sierra Chicharra pluton (sample 191-N88) west of

the shear zone has a major element composition of 63.7% SiO2, 17.3% Al2O3, 4.8% CaO, 4.8%

Na2O, 4.4% Fe2O3, 2.4% K2O, 1.8% MgO, 0.5% TiO2, and minor MnO and P2O5 (Table 3.4).

These values are consistent with the petrographic description of the pluton as a quartz diorite

composed of plagioclase, quartz, biotite, hornblende, minor oxide phases, and trace apatite, zircon.

Relative to the Sierra Chicharra quartz diorite, the annealed mylonitic fabrics (sample 191-N90)

have a similar percentage of SiO2 (63.4%), less Al2O3 (14.6%), K2O (0.4%), and Fe2O3 (3.2%)

and more Na2O (5.6%), CaO (7.0%), MgO (3.8%), and TiO2 (1.4%). The gain in CaO and TiO2

is documented by the presence of calcic minerals like titanite, epidote, and actinolite, and loss of

Al2O3, K2O, and Fe2O3 is consistent with the absence of biotite and oxide phases.
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Figure 3.8: Plots of whole-rock geochemistry data including (a) trace element concentrations relative to primitive mantle and chondrite (Sun and
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A sample of the altered portion of the Sierra Atacama pluton collected immediately east of the

intrusive contact with the shear zone (sample 191-N81) is composed of 67.0% SiO2, 17.7% Al2O3,

7.1% Na2O, 4.9% CaO, 1.0% MgO, 0.9% Fe2O3, 0.8% TiO2, with minor K2O, MnO, P2O5. The

low values of MnO, MgO, and Fe2O3 is reflected in the absence of biotite, hornblende, pyroxene,

and oxide phases. Secondary plagioclase, titanite, actinolite, epidote, and local andradite account

for the abundances of SiO2, Al2O3, CaO, Na2O, and TiO2. The freshest possible sample of the

Sierra Atacama pluton (sample 191-N124) was collected about 1.5 km east of the shear zone for

comparison to the unstrained but hydrothermally-altered pluton that cuts the shear zone. This

pluton is composed of 51.4% SiO2, 18.9% Al2O3, 10.1% CaO, 9.9% Fe2O3, 4.6% MgO, 3.7%

Na2O, 1.0% TiO2, and minor K2O, MnO, P2O5 (Table 3.4). This indicates the Sierra Atacama

diorite is geochemically a gabbro, though the presence of anhedral hornblende with relict cores of

clinopyroxene supports the petrographic description as a diorite.

Both altered phases are enriched in large ion lithophile elements (LILEs) and rare earth el-

ements (REEs) relative to their assumed protolith. REE patterns between the three unstrained

plutons (Samples 191-N81, 191-N88, and 191-N124) all show enrichment in the LREEs over the

HREEs. Using an alternative set of trace elements (Rb, Ba, Th, U, K, La, Ce, Sr, P, Nd, Zr, Sm,

Eu, Ti, Y, Yb, and Lu), similar patterns are present: the altered lithologies are more enriched than

their respective protoliths. The Sierra Chicharra quartz diorite shows higher LILE concentrations

of Rb, Ba, Th, U, and K than the Sierra Atacama diorite (Figure 3.8). The lack of an Eu anomaly

within the shear zone may reflect complete replacement of the original assemblage, liberating Eu

for incorporation into replacement phases, or suggest the two samples are not derived from the

same magma. Exact HREE patterns are hard to discern due to most elements falling below levels

of detection during analysis, but [Sm]>[Yb]>[Lu] for all samples, indicating the HREE pattern

is most likely slightly negatively sloped. The rocks in the shear zone are the most enriched in

LILEs and REEs relative to all other lithologies, and is 2.5–3.5 times enriched relative to the Sierra

Chicharra quartz diorite (Figure 3.8).
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We acknowledge the significant uncertainty in comparing two geochemical samples separated

by >1 km. This sample separation was necessary due to the extensive distribution of alteration,

which ranged from complete near the shear zone boundary to partial with increasing distance from

the contact. The contact between altered and unaltered pluton is both irregular and gradational;

however, there is no clear contact across that distance and we believe sample 191-N124 is a repre-

sentative sample of the Sierra Atacama diorite based on mapping. While map relationships suggest

both outcrops are part of the same pluton, many arc plutons within the Coastal Cordillera record

significant zonation (e.g., Rodríguez et al., 2019), and the possibility remains that these two out-

crops of the Sierra Atacama diorite may have had significantly different unaltered compositions.

In order to test the original similarity of these samples and compare them to the wider Copi-

apó batholith, we compared these data to published results from Marschik et al. (2003) and del

Real Contreras et al. (2018). The Sierra Chicharra quartz diorite and both the altered and unaltered

domains of the Sierra Atacama diorite plot within the immobile element array of the La Brea, San

Gregorio, and Los Lirios phases of the Copiapó batholith (Figure 3.8). The Sierra Chicharra quartz

diorite, although categorized as a part of the Coastal Cordillera arc, is most similar to the youngest

Los Lirios phase of the Copiapó batholith and late diorite dikes in the region in terms of both Al2O3

and TiO2 versus SiO2 and Zr and Al2O3 versus TiO2. The unaltered domain of the Sierra Atacama

diorite is most similar to the mafic end-member of the La Brea pluton. The altered domain of the

Sierra Atacama diorite also shows the strongest similarity to the La Brea pluton in terms of Zr

and Al2O3 versus TiO2, but shows a relative enrichment in TiO2 versus SiO2, and a very strong

enrichment in Al2O3 versus SiO2. Enrichment in TiO2 is reflected in the presence of titanite in

the altered domain of the pluton, but the large difference in SiO2 relative to Al2O3 may be more

easily explained by original geochemical differences in a zoned pluton. We further note that while

the shear zone does plot in the Copiapó batholith array for Al2O3 versus SiO2, it is significantly

different from the intrusive phases in terms of TiO2 versus SiO2, Zr versus TiO2, and Al2O3 versus

TiO2. This strong difference in immobile element values may suggest this part of the shear zone
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is derived from a different protolith entirely, or that sodic-calcic alteration of the Sierra Chicharra

quartz diorite significantly affected the values of typically immobile elements.

U-Pb Geochronology & Stable Isotope Geochemistry of the Andradite Vein

Energy-dispersive X-ray spectroscopy analysis of garnet yielded a dominantly andraditic com-

position, which is favorable for U-Pb analysis due to its ferric Fe content (Table 3.6 Seman et al.,

2017). U concentrations range between 0.23–5.3 ppm and some domains include significant pro-

portions of non-radiogenic or common Pb (Pbc) in the garnet lattice. Andradite dates were plot-

ted in Tera-Wasserburg space to account for the presence of Pbc and record a 238U/206Pb lower

intercept date of 96.1 ± 2.1 Ma (MSWD = 1.3, n = 38, Figure 3.9). While some individual

analyses have high analytical error, the lower intercept is tightly constrained with no evidence of

spread along concordia. Petrography indicates euhedral garnet was an early-crystallizing mineral

within the vein, and therefore this date records crystallization of the andradite vein. Oxygen iso-

tope (δ18OSMOW) values for quartz, epidote, and garnet mineral separates from within the vein are

strongly positive, ranging from +5.7‰ for epidote, +5.4‰ for garnet, and +11.1‰ for quartz

(Table 3.5). The low degree of scatter between duplicated analyses and linear trend of δ17O versus

δ18O values suggests all three minerals grew in equilibrium, allowing for the calculation of tem-

peratures and fluid δ18O values. Andradite-quartz thermometry calculations yield crystallization

temperatures of 431 +27/-24◦C in the presence of +6.8‰ to +7.0‰ δ18O fluids and epidote-

quartz thermometry calculations yield temperatures of ∼319 +61/-49◦C in the presence of +6.8‰

to +6.9‰ δ18O fluids.

3.4.3 Las Pintadas Andradite Vein

The Las Pintadas deposit is located∼19 km SE of the AFS study area described above. Miner-

alization occurs as a series of stacked manto horizons near the contact between the Upper Andesite

of the Punta del Cobre Formation and base of carbonate-rich Abundancia Formation (Chañarcillo

Group), stratigraphically above the Candelaria deposit, and is cut by unmineralized dikes from

the adjacent ∼110 Ma Los Lirios pluton (Arévalo, 2005b; del Real Contreras et al., 2018). Ore
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Table 3.6: Garnet compositions from EDS data from the AFS Vein.

Spectrum 1 Spectrum 2 Spectrum 3
Element Wt% 1σ Element Wt% 1σ Element Wt% 1σ

Ca 32.18 0.60 Ca 33.94 0.62 Ca 30.47 0.62
Mn 1.12 0.33 Mn 0.00 0.00 Mn 0.00 0.00
Fe 20.86 0.70 Fe 23.34 0.74 Fe 23.37 0.74
Al 4.13 0.24 Al 2.89 0.22 Al 3.20 0.21
Si 20.25 0.45 Si 19.95 0.46 Si 19.92 0.44
O 21.47 0.66 O 21.47 0.65 O 23.05 0.66

Total 100.01 Total 101.59 Total 100.01
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mineralogy includes a supergene assemblage of atacamite+malachite+bronchantite+azurite copper

oxides and hypogene chalcopyrite+pyrite that is both disseminated and concentrated within veins

below the level of oxidation. The veins are composed of euhedral brown andraditic garnet up to

0.5 cm in diameter, anhedral chalcopyrite and pyrite, and massive transparent calcite up to 0.5 cm

with intergrown acicular actinolite (Figure 3.10). The calcite surrounds the euhedral garnet. All

phases are fresh with no evidence of retrogression. Pyrite and chalcopyrite mostly occur in distinct

patches on other mineral phases including calcite and garnet. The sulfides are minimally inter-

grown, and there is no visual indication that pyrite and chalcopyrite are paragenetically distinct.

Magnetite is locally present, but apatite is entirely absent from this assemblage.

We report new dates for mineralization at Las Pintadas: two separate 3- and 4-point isochrons

comprised of chalcopyrite and pyrite, a single-aliquot Re-Os date on highly radiogeneic chalcopy-

rite, and an andradite U-Pb date (Figure 3.10). Pyrite and chalcopyrite have distinct Re-Os concen-

tration data and Re-Os isotopic data suggesting that any contamination of one sulfide by another

during mineral separation was minimal. All concentrations are in the low ppb range, mostly in the

tens of ppb range. Pyrites have systematically higher Re (76–129 ppb) compared to chalcopyrites

(38–62 ppb). Interestingly, pyrites also have systematically higher Os (207–749 ppb) than chal-

copyrites (58–165 ppb). The 187Re/188Os ratios for pyrites (851–3350) are generally lower than for

chalcopyrites (1628–39,275), and the 187Os/188Os ratios for pyrites (2.24–6.91) are correspond-

ingly lower than chalcopyrites (3.6–69). Isochrons for each sulfide are determined separately: a

pyrite-only isochron yields an age of 112.9 ± 8.8 Ma (Osinitial = 0.58 ± 0.28, MSWD = 64, n =

4) and a chalcopyrite-only isochron yields an age of 114 ± 30 (Osinitial = 0.2 ± 6.5, MSWD =

43, n = 3). There is no difference in the ages or Osinitial for each of these sulfides at the 2σ level;

however, we acknowledge this statement is limited by the low number of data points. We further

acknowledge the high degree of uncertainty in the Osinitial value derived from the isochron con-

taining all seven analyses (0.49 ± 0.35). The role of Osinitial was investigated with double-spiked

analyses. One of the analyses, chalcopyrite MD-1856, is a true low level, highly radiogenic sample

(LLHR) and is insensitive to Osinitial. LLHR samples yield the most accurate and precise Re-Os
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ages (Stein et al., 2000). The age of MD-1856 remains between 113–115 Ma based on a wide range

of Osinitial isotope ratios (0.2, 0.5, 0.9), indicating these are the most robust Re-Os data. Another

analysis, MD-1820, is not a LLHR sample, and is highly sensitive to the Osinitial value. Using the

isochron-derived value of 0.5 yielded a model date of ∼137 Ma, which is not in agreement with

the isochronous data. An Osinitial value of 0.9 was necessary to produce a model date in agreement

with other analyses (∼115 Ma).

Re-Os dates are within error of our new andradite Tera-Wasserburg lower intercept 238U/206Pb

date of 115.7 ± 1.2 Ma (n = 55, MSWD = 1.4, Figure 3.10). U concentrations range between

0.9–9.2 ppm and have a low contribution of non-radiogenic Pbc compared to the andradite vein

along the AFS. Euhedral garnet is petrographically determined to be an early-crystallizing phase,

indicating this date records the inception of vein development. Light and dark garnet domains also

do not show a difference in U-Pb date and the lower intercept is tightly clustered with no evidence

of spread along concordia, suggesting this vein did not experience multiple distinct phases of garnet

growth.

Silicate oxygen stable isotope values (δ18OSMOW) are +7.8‰ for actinolite, +7.9‰ for dark

garnet, +8.4‰ light garnet, and +11.6‰ for quartz (all values are ±0.1‰; Table 3.5). Calcite has

values of -7.7‰ δ13CPDB and -19.2‰ δ18OPDB (+11.1‰ δ18OSMOW). Petrographic textures show

euhedral garnet with interstitial quartz, and intergrown calcite and actinolite with patches of sulfide

mineralization. While there is no fracture and infill of garnet and quartz domains with the inter-

grown calcite and actinolite, the calcite+actinolite is confined to the interstital space between the

euhedral garnet and is not intermixed with the quartz+garnet domain. We interpret these textures to

reflect two separate equilibrium pairs: quartz and garnet, and calcite and actinolite. Thermometry

calculations for quartz and garnet yield temperatures of and 828–840◦C for light garnet and 670–

690◦C for dark garnet in equilibrium with fluid compositions of +10.0 to +10.8‰, respectively.

Thermometry calculations for calcite and actinolite yield crystallization temperatures of 505◦C in

the presence of fluids with δ18OSMOW values of +9.5 to +9.7‰.
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3.5 Discussion

3.5.1 Pluton Emplacement and Evolution of the Shear Zone

Field relationships clearly outline the following series of events in this area: emplacement

of the ∼122 Ma Sierra Chicharra quartz diorite during AFS strain, post-kinematic emplacement

of the ∼115 Ma Sierra Atacama diorite and coeval sodic-calcic alteration, and post-kinematic

crystallization of the andradite vein at∼96 Ma. The Sierra Chicharra quartz diorite has a K-Ar date

of 128–125 Ma (Arévalo, 2005a) that is close to but older than our new∼122 Ma zircon U-Pb date.

The older K-Ar date may have a component of excess Ar due to hydrothermal alteration of the host

phase, which can be expected in open systems that extensively interact with fluids (e.g., Harrison

and McDougall, 1980; Kelley et al., 1986; Kendrick et al., 2001a,b; Turner et al., 1993; McDougall

and Harrison, 1999). Synkinematic emplacement of the Sierra Chicharra quartz diorite during AFS

strain is suggested by field relationships including a transition from magmatic fabrics throughout

the pluton to protomylonitic fabrics across the western margin of the shear zone, and ultimately to

ultramylonites within the shear zone. The orientation of the magmatic fabrics (219/79 NW) and

solid-state fabrics (218/74 NW) are concordant (Figure 3.5), and the contact between magmatic

fabrics and solid-state fabrics is locally gradational with regards to original lithology. The NW

shear zone boundary is well defined, and both high- and low-strain mylonitic foliations strike at a

low angle to the shear zone strike (Figure 3.3,Figure 3.5). If the shear zone was only a product of

sinistral simple shear, lower-strain fabrics should be systematically oriented more clockwise than

the higher strain zones (e.g., Chapter 1). Both apparent sinistral and reverse-sense indicators are

present at the outcrop scale in the mylonites. Together with NE-plunging lineations across the

NW-dipping shear zone, these kinematics record a component of shortening in addition to sinistral

lateral shear across the shear zone. Sinistral transpression is also consistent with the presence

of S>L fabrics, which suggest a component shear-zone perpendicular flattening (Sanderson and

Marchini, 1984; Fossen and Tikoff, 1993).

Post-kinematic plutonism indicates ductile deformation ended by∼115 Ma and lasted <8 Myr.

The eastern margin of the hydrothermally-altered mylonites is cut by the Sierra Atacama diorite,
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Figure 3.11: Temporal evolution of magmatism, deformation, and alteration along the AFS. Intrusion of
the ∼122 Ma Sierra Chicharra quartz diorite is associated with the development of a NW-dipping sinistral
shear zone as documented by a progression from magmatic fabrics within the pluton to protomylonitic to
ultramylonitic fabrics within a ∼200–500-m-wide shear zone along the main branch of the AFS. An initial
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aligned parallel to foliation planes. Deformation ceased by ∼115 Ma, documented by the intrusion of the
unstrained Sierra Atacama diorite that cuts all mylonitic fabrics. Annealing of mylonitic fabrics in the shear
zone and sodic-calcic alteration of the western margin of the unstrained diorite record a post-kinematic
phase of alteration associated with the intrusion of the Sierra Atacama diorite. Two phases of intrusions cut
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through the center of the annealed shear zone at ∼96 Ma.

146



which has a K-Ar date of 117–104 Ma (Arévalo, 2005a,b) that overlaps with the overgrowths on

zircon used here to determine a ∼115 Ma crystallization age. Locally, aligned actinolite defines

a very weak fabric subparallel to the shear zone, and veinlets also often form in subparallel ori-

entations. This may suggest that the pluton records the ending stages of deformation, or may

alternatively reflect emplacement-related flow. Two exposures of ∼103 Ma hornblende granodi-

orite also cut the shear zone and are entirely unstrained. Based on similar mineralogy and ages,

we interpret these small intrusions to be part of the Sierra Pajas Blancas granodiorite (108–103

Ma; Arévalo, 2005a) that cuts the AFS shear zone to the north of the study area. Finally, the horn-

blende diorite that cuts the shear zone and Sierra Atacama diorite at the north end of the study area

is mapped as the La Brea diorite faulted against the Sierra Atacama diorite; however, our mapping

has demonstrated the contact is intrusive rather than faulted. Furthermore, this pluton is distinctly

mafic and melanocratic compared to the Sierra Chicharra quartz diorite, Sierra Atacama diorite,

and La Brea diorite, and may represent a late hornblende diorite such as the small ∼98 Ma horn-

blende clinopyroxene diorites mapped ∼18 km to the E near the town of Paipote (Arévalo, 2005a)

and ∼18 km to the SE of the shear zone along Quebrada Los Toros (Arévalo, 2005b). These out-

crops occur along the trace of the Paipote fault, a NW-dipping reverse fault associated with the

Late Cretaceous Chañarcillo thrust belt.

Zircon (U-Th)/He cooling dates in the unaltered Sierra Chicharra quartz diorite and altered

phase of the Sierra Atacama diorite postdate crystallization of the skarn vein and record cooling

through ∼180◦C. In the Sierra Atacama quartz diorite, individual grains range from 81.2–93.3

Ma. A single aliquot from the altered Sierra Chicharra diorite overlap with the range of the Sierra

Atacama dates (84.4 Ma) while the rest of the aliquots form a tight cluster around ∼69 Ma (68.6–

69.5 Ma). Regionally, K-Ar and 40Ar/39Ar dates cluster at 121–128 Ma, ∼116 Ma, and 104–

110 Ma and are interpreted to represent the emplacement and cooling of the Sierra Chicharra,

La Brea, and Sierra Pajas Blancas plutons through 310–345◦C (Arévalo, 2005a, and references

therein). Dikes within 1 km of the shear zone intruded between 101–80 Ma (K-Ar whole rock and

amphibole, Lledó, 1998; Arévalo, 2005a). Both the ∼69 Ma cooling date in the unaltered Sierra
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Chicharra quartz diorite and ∼87 Ma cooling date in the altered Sierra Atacama diorite post-date

all Ar system cooling dates and therefore record regional cooling following the latest stages of

magmatism recorded by dikes (∼87–85 Ma). The difference in cooling dates across the sheared

pluton could be consistent with a component of Late Cretaceous E-side-up dip-slip motion between

the plutons; however, the lack of any significant brittle faults contradicts this hypothesis.

The single∼84 Ma zircon (U-Th)/He date from the unaltered Sierra Chicharra diorite and pres-

ence of ∼87 Ma dates in the altered Sierra Atacama diorite alternatively suggest changes in the

diffusivity of He within the zircon lattice as a result of hydrothermal fluid flow and alteration. Com-

plex internal textures seen in the CL imagery of Sierra Atacama diorite zircons analyzed for U-Pb

were most likely produced by extensive interaction with fluids during syn-emplacement hydrother-

mal alteration. These zones have extremely non-uniform CL response with some bright areas and

some black areas as described above, reflecting variations in the zircon lattice that can change the

diffusion domain size and diffusion pathways within individual crystals. Internal heterogeneities

in parent isotope distribution are also likely based on differences in CL brightness. Variations

or zonation in parent isotope are not accounted for in the calculation of (U-Th)/He dates, which

assume a homogenous parent isotope distribution, and can significantly affect dates: zircon with

U-Th enriched rims can be up to 40% inaccurate, and depleted rims can be up to ∼25% inaccurate

(Farley et al., 1996; Reiners et al., 2004; Hourigan et al., 2005). Our data show a difference of

∼20% between the Sierra Chicharra quartz diorite and Sierra Atacama diorite which we attribute

to to the combination of complex, discordant internal textures produced by recrystallization in the

presence of fluids and the resulting heterogeneous distribution of parent isotope concentrations

throughout the zircon, together resulting in non-standard diffusion kinetics and anomalously old

ages in the altered pluton.

3.5.2 Comparison to Regional Magmatism & Deformation

Ductile deformation in the Copiapó region is localized to the margins of Early Cretaceous plu-

tons, and the timing of shear zone development (122–115 Ma) overlaps with activity of the AFS
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elsewhere along the El Salado segment (Figure 3.12). The end of shear zone activity by ∼115

Ma agrees with the relatively short duration of ductile deformation along the northern El Salado

segment and is similar to the ending of slip documented by the∼110 Ma latest-kinematic dike that

cuts the eastern branch of the AFS at 25.56◦S (Chapter 1). These results are also in agreement with

recent work documenting coeval main-stage mineralization and transpressional shearing along the

intrusive contact of the San Gregorio intrusive with the Chañarcillo basin contemporaneous with

batholith emplacement and the onset of basin inversion and folding (del Real Contreras et al.,

2018) and precipitation of copper ores under a transpressional regime at the Dominga Fe-Cu de-

posit (Heuser et al., 2020). The SE-directed convergence vector beneath the N-striking Peru-Chile

trench through the thermally weakened Early Cretaceous arc and Copiapó batholith produced a

transpressional strain field across the NNE-striking shear zone recorded by component of coaxial

flattening and oblique sinistral-reverse shear. Elsewhere along the AFS, Ruthven et al. (2020) doc-

ument Early Cretaceous transpression along the southern Paposo segment where the Paposo fault

strikes ∼020◦ and dips steeply east. In contrast, Cembrano et al. (2005) and Veloso et al. (2015)

document transtension along the northern end of the Paposo segment, where major faults strike

NNW to NW. Along much of the northern and the central El Salado segment north of Copiapó

where the dominant trend of the AFS is ∼N-S, sinistral shear dominates and with no evidence

for widespread transpression nor transtension (Chapter 1). The patterns of AFS-related strain are

regionally consistent with varying orientations of the branches and a uniform Early Cretaceous

SE-directed convergence across the Coastal Cordillera.

A notable difference between the AFS near Copiapó compared to the rest of the El Salado seg-

ment is the distinct lack of brittle faults overprinting mylonitic fabrics and the failure of the shear

zone to evolve to a large brittle fault. Several small brittle faults and foliation-parallel cataclasite

zones are present; however, we interpret the lack of a major brittle fault across this portion of the

AFS to reflect the influence of the younger age of magmatism in this area compared to the rest of

the El Salado segment. Our dates are consistent with published data recording magmatic peaks at

140–105 Ma, 96–76 Ma, and 65–58 Ma (Farrar et al., 1970; Arévalo, 1995, 1999, 2005a; Ullrich
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Figure 3.12: Time (vertical axis) vs. N-S trend (horizontal axis) diagram summarizing magmatism, defor-
mation, alteration and tectonic events along the northern El Salado segment, Copiapó shear zone, and Punta
del Cobre district. In the Magmatism column, kernel density estimate plots of our new dates compiled with
published plutonic and volcanic zircon U-Pb data are shown in red. Plots were constructed with a band-
width of 3 and a bin width of 5. In the Deformation column (Def), duration of deformation determined by
field relationships is shown in the red bar, with ductile deformation noted by the wavy pattern and brittle
deformation noted by the block pattern. In the Alteration column, curves are actinolite, adularia, and sericite
K-Ar and 40Ar/39Ar from published literature. Individual data points in the Alteration column are sulfide
Re-Os and andradite U-Pb dates. Sources of published data are given in Appendix 3.6.

et al., 2001; Marschik and Söllner, 2006; Girardi, 2014). The oldest peak overlaps with docu-

mented Early Cretaceous magmatism along the northern El Salado segment, but the two younger

pulses postdate the eastward migration of the arc during the Paleogene, and are not recorded along

the rest of the Coastal Cordillera. However, unlike the northern portion of the El Salado segment,

magmatism continued beyond∼105 Ma with the emplacement of the polyphase Copiapó batholith

until ∼97 Ma (Farrar et al., 1970; Arévalo, 1995, 1999; Ullrich et al., 2001; Girardi, 2014). The

continued intrusions of magmatic bodies maintained elevated geothermal gradients in this area

beyond the end of slip along the El Salado segment, and therefore slip never progressed into the

brittle regime prior to the shift from SE-directed oblique convergence to E-directed shortening,

which began in this area in the earliest Albian (Maksaev, 1990; Gana and Zentilli, 2000). Further-

more, the annealing of mylonitic fabrics and coarse grain sizes of secondary plagioclase formed

during alteration indicates high temperatures outlived deformation.
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Table 3.7: Classification of alteration types based on mineralogy and textures. Abbreviations are as follows:
act = actinolite, alb = albite, all = allanite, ap = apatite, bt = biotite, ca-amp = calcic amphibole, carb
= carbonate, chl = chlorite, cpx = clinopyroxene, cpy = chalcopyrite, epi = epidote, grt = garnet, hem =
hematite, ilm = ilmenite, kfs = potassium feldspar, mgt = magnetite, olig = oligoclase, py = pyrite, qtz =
quartz, rt = rutile, scap = scapolite, tour = tourmaline, ttn = titanite.

Alteration Major Accessory
Facies Minerals Minerals Iron Oxides Textures

Na(-Ca), act, olig ttn, rt, ap, epi, cpx none, mgt and destructive
Type A ilm destructive

Na(-Ca), scap, ca-amp ttn, epi, rt, ap low-Ti mgt in veins, can be
Type B destructive regionally destructive

Na alb, py, chl hem, carb none, mgt destructive
destructive

K qtz, tour, kfs, bt not specified none kfs selvages

Ca epi, grt all, act, py, cpy none increased porosity

3.5.3 Sodic-calcic Hydrothermal Alteration

Repeated pulses of alteration associated with the intrusion of plutons have been documented

across the Punta del Cobre district, with each intrusion producing its own hydrothermal system

(e.g., Kreiner, 2011). Fresh outcrops of plutons weather to grus and are recessive, whereas altered

rocks form the prominent outcrops. The Copiapó batholith is extensively altered to a variety of

alkali-dominated assemblages including sodic-calcic, sodic, and potassium alteration assemblages

occurring at a shallow crustal levels (≤4–6 km) along the margins of plutons and major structures

(e.g., Kreiner, 2011; Barton et al., 2013).

Along the AFS, the sodic-calcic alteration assemblage that characterizes both the shear zone

(plagioclase+actinolite+epidote+titanite+rutile) and the western portion of the undeformed Sierra

Atacama diorite matches the mineralogy of widespread sodic-calcic alteration in the Punta del Co-

bre district. Elongate actinolite, epidote, and titanite are well aligned with the relict mylonitic fabric

in the shear zone, suggesting they developed synkinematically. Undulose extinction in actinolite,
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which is concentrated in compositional bands, mantling of rutile by titanite, and large, blocky pla-

gioclase that envelops other phases and compositional bands in the annealed shear zone indicates

multiple phases of alteration. Similar alteration of a mylonite zone is documented at Cerro Negro

Norte (Raab, 2001). Geochemically, the shear zone records a loss of K2O and Fe2O3 and enrich-

ment of Na2O, CaO, MgO, TiO2 related to the development of sodic-calcic minerals like titanite,

epidote, and actinolite, and loss of original mafic phases. The shear zone is 2.5–3.5 times enriched

in trace elements relative to the Sierra Chicharra quartz diorite (Figure 3.8).

We attribute initial alteration and synchronous ductile deformation documented by actinolite

and epidote within the shear zone to be related to synkinematic intrusion of the Early Cretaceous

Sierra Chicharra quartz diorite at∼122 Ma and ending prior to the intrusion of the Sierra Atacama

diorite at ∼115 Ma. The annealed "sugary" macroscopic texture of the green-and-white banded

shear zone and the chessboard texture of the plagioclase grown around the actinolite, epidote, and

titanite indicate one phase of alteration of the shear zone was most likely coeval with the alteration

of the Sierra Atacama diorite and therefore also post-dated ductile deformation. Cataclasite min-

eralization is dominantly epidote and chlorite and occurs as angular pockets within the shear zone.

This suggests they may be a product of hydrothermal brecciation related to fluid flow and alteration

of the shear zone rather than the brittle overprinting of a ductile shear zone during a progressive

deformation event, as is the case for mylonite zones along the margins of Early Cretaceous plutons

elsewhere along the El Salado segment (e.g., Chapter 1).

Extensive sodic-calcic alteration of western exposure Sierra Atacama diorite is documented by

loss of mafic phases and presence of epidote, titanite, actinolite, and garnet within veinlets and

represents a second phase of alteration associated with the intrusion of that pluton. The altered

portion of the Sierra Atacama diorite is enriched in SiO2, Na2O, and depleted in CaO, MgO, and

Fe2O3 relative to the unaltered diorite, which is reflected in the absence of mafic phases. The

lack of strain in the pluton indicates that phase of alteration post-dates ductile deformation (≤115

Ma). Local alteration of the eastern margin of the Sierra Atacama diorite unrelated to shear zone

activity is recorded by actinolite 40Ar/39Ar dates (102.7 ± 1.4 Ma and 99.3 ± 1.3 Ma, Díaz et al.,
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2003) in mine workings ∼1–2 km to the east of the shear zone. The limited alteration footprint,

spatial distance from the shear zone, differing alteration assemblage, and actinolite dates indicate

this event was separate from the pulse that annealed the shear zone. Actinolite 40Ar/39Ar alteration

dates overlap with the emplacement of the Sierra Pajas Blancas pluton, located north of the ductile

shear zone. Formation of the unaltered, undeformed andradite vein at ∼96 Ma documents yet

another pulse of post-kinematic hydrothermal alteration. The ∼17 Myr gap between the intrusion

of the postkinematic Sierra Atacama diorite and formation of the vein that clearly cuts the annealed

shear zone indicate these were distinct alteration events rather than a single, continuous event.

The pervasive sodic-calcic alteration of the shear zone and margin of the Sierra Atacama diorite

indicates fluids preferentially exploited the strong vertical anisotropy of foliation planes along the

transcrustal AFS (e.g., Tornos et al., 2020) and pluton margins as fluid pathways. However, despite

the coeval timing of alteration with the economic Punta del Cobre district, fluids along the AFS

experienced a much higher degree of wallrock interaction without a central brittle fault to serve as

a focused conduit that may have prevented the formation of an economic deposit.

Finally, the calcic andradite+epidote+magnetite+quartz+calcite+apatite mineralogy of the vein

matches the sulfide-poor calcic epidote+quartz(±actinolite±andradite) ore assemblages seen else-

where in the Punta del Cobre district (Ryan et al., 1995; Ullrich and Clark, 1999; Marschik et al.,

2000; Marschik and Fontboté, 2001a; Kreiner, 2011; Barra et al., 2017). The vein clearly cuts the

annealed fabrics of the shear zone, indicating the episode of fluid flow that produced the andradite

vein post-dates both previous alteration events. In contrast with the diffuse alteration through-

out the shear zone, the vein has sharp contacts with the wall rock indicate concentrated fluid flow

along an opening-mode conduit that may have been a result of high fluid pressures as hydrothermal

fluids exsolved from an underlying pluton. Petrographic textures showing interstitial quartz and

epidote between euhedral garnet crystals indicate garnet was the first mineral to crystallize. Gar-

net records the composition of the fluid present during growth (e.g., Clechenko and Valley, 2003),

and is expected to have δ18O values between +5‰ and +8‰ when crystallized in equilibrium

with magmatic fluids (Bowman, 1998). Therefore, strong positive δ18O values for garnet (+5.4‰),
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other mineral phases, and the calculated equilibrium fluid (+6.8‰ to +7.0‰) from the vein suggest

fluids were magmatically derived. Petrography and stable isotope thermometry suggests crystal-

lization of the andradite vein in an open conduit at ∼400◦C. The ∼96 Ma andradite crystallization

date only slightly postdates emplacement of a∼98 Ma hypabyssal hornblende clinopyroxene dior-

ite mapped nearby (Arévalo, 2005a,b), and may indicate magmatically-derived hydrothermal fluids

were sourced from the deeper reaches of that pluton. The strong magmatic signal recorded by the

stable isotope signature of the minerals is not surprising given the lack of sedimentary rocks in the

study area, and does not support the influence of evaporate-derived brines. A lack of sulfides may

be an additional consequence of the presence of the andradite vein between two dioritic plutons

rather than within a volcaniclastic sequence. The abundance of iron oxides, lack of sulfides, and

∼400◦C crystallization temperatures could indicate the vein formed as a part of the iron oxide

stage of IOCG deposit genesis. The local presence of iron oxide-apatite domains in an otherwise

typical IOCG-type sulfide-poor calcic assemblage may also suggest this vein represents a transition

between IOA-type mineralization and IOCG-type mineralization (see below).

3.5.4 Comparison to Las Pintadas & the Punta del Cobre District

At Las Pintadas, andradite+actinolite+magnetite+quartz+calcite+pyrite+chalcopyrite mineral-

ization does feature sulfide phases in high enough concentrations to make the deposit economic

for Cu (Marschik and Fontboté, 2001a). Actinolite is present rather than epidote, and is inter-

grown with calcite that fills void spaces between other phases. Sulfides are also anhedral and occur

on the surfaces of garnet and calcite in distinct patches with minimal intergrowth between pyrite

and chalcopyrite. Iron oxides are locally present, but apatite is absent. This mineralization as-

semblage matches the main ore stage at Candelaria (Ryan et al., 1995). Temperatures and fluid

compositions derived from oxygen stable isotope values agree with the petrographic determination

of mineral paragenesis: quartz and garnet crystallized at 828–840◦C (light garnet) and 670–690◦C

(dark garnet) in equilibrium with fluid compositions of +10.0 to +10.8‰ δ18OSMOW, followed by

crystallization of calcite and actinolite at ∼505◦C in the presence of fluids with δ18OSMOW values
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of +9.5 to +9.6‰. The ages derived from both Re-Os and U-Pb overlap within error and agree with

petrographic textures indicating early growth of garnet (115.7 ± 1.2 Ma) followed by crystalliza-

tion of chalcopyrite (114 ± 30 from isochron, 114.8 ± 1.5 from LLHR analysis) and pyrite (112.9

± 8.8 Ma).

Oxygen stable isotope values for dark and light garnet fractions and the calculated equilibrium

fluids are higher than those along the AFS and are dominantly magmatic in signature. The temper-

ature recorded by calcite+actinolite is also high, and falls at the top of the range proposed for the

sulfide ore stage at the Carola deposit (400–500◦C, Hopf, 1990). These temperatures are near the

upper limit of magmatic-hydrothermal systems (Seedorff et al., 2005; Kodĕra et al., 2014; Weis

et al., 2014), and likely reflect the formation Las Pintadas deposit at a shallow level proximal to

its inferred source, the ∼115 Ma San Gregorio pluton (Kreiner, 2011). Equilibrium fluid com-

positions δ18O values in excess of +8‰ indicate magmatic fluids interacted with or mixed with

another fluid source such as evaporite brines or fluids derived from metamorphic devolatilization

in the thermal aureole during pluton emplacement (e.g., Bowman, 1998; Clechenko and Valley,

2003). Given the high temperatures recorded by stable isotope values, close proximity to coeval

plutons, and volcaniclastic host sequence, we favor a component of metamorphic devolatilization

over deeply circulating brines. These data combined with dates suggest the Las Pintadas andra-

dite vein formed from a single pulse of magmatically derived fluids, and mineralization occurred

during progressive crystallization in a cooling hydrothermal system.

Interaction with the sedimentary host sequence may also explain the presence of sulfides at

Las Pintadas and elsewhere in the Punta del Cobre district, and correspondingly explain the lack

of sulfides in the andradite vein along the AFS shear zone, which is hosted in igneous rocks. If

elevated oxygen isotope values for equilibrium fluids record metamorphic devolatilization of the

Punta del Cobre and Abundancia Formations, they may also be suggesting a degree of assimila-

tion that could have pushed the fluid to sulfur saturation and triggered the precipitation of sulfide

phases. Pyrite from Las Pintadas has 76–129 ppb Re and 207–749 ppb Os and chalcopyrite has

38–62 ppb Re and 58–165 ppb Os. These values are higher than concentrations recorded in pyrite
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and chalcopyrite from the Candelaria, Mantoverde, Casualidad, Diego de Almagro, and Barreal

Seco IOCG deposits (2–149 ppb Re and up to 49 ppt Os) and similar to the [Re] from pyrite

at the Los Colorados, El Romeral and Carmen IOA deposits (10.8–214 ppb; Barra et al., 2017).

Osmium concentrations at Las Pintadas are higher than [Os] reported for both IOCG and IOA de-

posits (Barra et al., 2017). Initial Os values at Las Pintadas (0.49 ± 0.35) are higher than those

documented throughout the Punta del Cobre district (0.36 ± 0.1 at Candelaria, 0.33 at Bronce,

and 0.21–0.41 in regional plutons, respectively; Mathur et al., 2000, 2002), and show a greater

degree of uncertainty. The relatively low values of the district suggest ore was dominantly sourced

from the relatively primitive regional plutons, and that the higher Osinitial value at Las Pintadas

may reflect incorporation of crustal material (e.g., Stein, 2014). High uncertainty can also indi-

cate a mixture of source material with differing initial ratios (e.g., Mathez and Kent, 2007; Martin

et al., 2010; McLeod et al., 2012). Variations may be a product of magma mixing in a long-lived

arc environment, incorporation of sedimentary rocks such as the Punta del Cobre and Abundancia

Formations influenced by heterogeneous detrital materials or diagenetic processes, or interaction

with fluids released by dehydration or decarbonation reactions (Stein, 2014). In the context of

independent oxygen stable isotope data, we interpret the higher and more uncertain Osinitial values

to be a result of interaction with fluids produced by devolatilization reactions of the sedimentary

host sequence at Las Pintadas.

At the district scale, magnetite-destructive sodic-calcic alteration focused along the AFS shear

zone matches regional alteration patterns including pervasive, texturally destructive alkali-calcic-

iron replacement of igneous host rocks by fine- to medium-grained alkali feldspar, actinolite or

diopside, magnetite, hydrothermal titanite with local rutile cores, and variable proportions of bi-

otite, epidote, anhydrite, scapolite, tourmaline, and quartz (e.g., Camus, 1980; Ryan et al., 1995;

Marschik and Fontboté, 2001a; Barton et al., 2005, 2011; Kreiner, 2011). The calcic andradite

vein has an assemblage similar to the epidote+quartz(±actinolite) veins documented at the Ti-

gresa and San Francisco deposits (Kreiner, 2011) and the mineralized andradite skarns at Atacama

Kozan and Las Pintadas (e.g., Barra et al., 2017). Prograde garnet dominates the skarn-type IOCG
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deposits such as San Antonio, Panulcillo, and Las Pintadas (Fréraut and Cuadra, 1994) and is par-

agenetically equivalent to potassium feldspar+albite+quartz and biotite+magnetite assemblages in

contiguous andesitic volcanic rocks at Panulcillo at the southern end of the Chilean Iron Belt (Hop-

per and Correa, 2000). Our geochemical data indicate the shear zone and altered Sierra Atacama

diorite are enriched in Na2O, CaO, MgO, SiO2, and TiO2, relative to their unaltered protoliths (Fig-

ure 3.8), consistent with recent work by Tornos et al. (2020) suggesting residual melts enriched in

Ca, Mg, Si, Ti, and volatiles are responsible for the development of regional assemblages. The

timing of alteration is compatible with known alteration and mineralization events documented

throughout the district, including an early stage associated with emplacement of an Early Cre-

taceous Coastal Cordillera pluton, a major stage related to emplacement of La Brea diorite at

∼117 Ma, and a final stage at ∼115 Ma hosted in the San Gregorio monzodiorite (Zentilli, 1974;

Marschik et al., 1997; Ullrich and Clark, 1999; Kreiner, 2011). Development of the AFS andra-

dite vein at ∼96 Ma post-dates mineralization elsewhere in the district and represents a separate

mineralization event. Though the vein developed after the latest widely recognized ∼115 Ma min-

eralization event in the Punta del Cobre district, it shares many characteristics with Punta del Cobre

deposits and likely formed as a result of the same processes.

Fluid flow along the shear zone was distributed throughout the strongly-anisotropic transpres-

sional mylonitic shear zone rather than focused along brittle faults during a transition to brittle

transtension, which may have prevented the development of an economic deposit along this portion

of the AFS. Many IOA and IOCG deposits are located along AFS-related N-S to NNE-SSW sub-

vertical structures such as dilatational jogs or pull apart structures (e.g., El Romeral, Algarrobo),

at the intersection of NE-SW and NW-SE trending subsidiary faults (e.g., Tofo, Cristales, Fresia),

or in extensional duplexes (Cerro Negro Norte, Dominga, Los Colorados; Bonson, 1998; Raab,

2001; Veloso et al., 2017) or transtensional stepovers (Mantoverde, Vila et al., 1996; Rieger et al.,

2010). A few small deposits are related to subsidiary faults located as far as 27 km east of the main

AFS (e.g., Carmen de Fierro, Maria Ignacia), similar to the position of the Las Pintadas deposit

and Punta del Cobre district ∼18–22 km east of the AFS in this region. The temporal association
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between IOA and IOCG mineralization and sinistral slip suggests the formation of both deposit

types requires the transcrustal faults such as the AFS to facilitate the rapid ascent of deeply gen-

erated melts and associated fluids to shallow depths along focused, strongly anisotropic pathways

to minimize interactions with wallrock and maintain a strong magmatic to magmato-hydrothermal

fluid signature (e.g., Tornos et al., 2020).

Our stable isotope results from the andradite vein overlap with the reported values for quartz

associated with chalcopyrite at Candelaria (+11.2 to +12.6‰ and +5.9 to >+8.9‰, respectively)

and fluid inclusions homogenization temperatures of 370◦ to >440◦C (Marschik et al., 2000). Pet-

rography and stable isotope support vein formation resulting from dominantly magmatic fluids

that progressively cooled from 840–505◦C (Las Pintadas) and 400◦C (AFS). A magmatic origin of

calcic skarns is proposed for other deposits in the area such as the Farola copper skarn, which is

most likely derived from the Ojancos plutonic complex (Sillitoe, 2003). Magmatic fluids from this

plutonic complex were likely involved in mineralization at Candelaria, which is <2 km from the

complex (Sillitoe, 2003). Temperatures and conditions at Las Pintadas match as described for iron

oxide mineralization at 500–600◦C followed by sulfide stage mineralization at 400–500◦C else-

where in the district (Arévalo et al., 2006). Las Pintadas formed at higher temperatures than the

andradite vein along the AFS, which is reflected in the presence of higher-temperature actinolite

rather than epidote in the Las Pintadas alteration assemblage. The temperatures recorded along

the AFS are more consistent with fluid inclusion homogenization temperatures from deeper (≤3

km) levels of Punta del Cobre deposits (350–450◦C; Rabbia et al., 1996; Marschik et al., 1997;

Marschik and Fontboté, 2001a; Kreiner, 2011). Zircon (U-Th)/He cooling dates of ∼87 Ma and

∼69 Ma recording cooling through ∼180◦C support andradite vein formation at >3 km depths in

a cooling thermal aurole around the Copiapó batholith: assuming an average arc geothermal gra-

dient of ∼40–50◦C/km, the minimum depth of the Sierra Atacama diorite at 87 Ma is ∼3.4–4.3

km (e.g., González, 1999; Herrera et al., 2005; Arancibia et al., 2014; Mitchell et al., 2017, Chap-

ter 1). Kreiner (2011) documented the exposure of deeper structural levels west of the AFS, and

stratigraphy constrains the depth of manto-type deposits to <3 km (Marschik and Fontboté, 2001a).
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Relatively cool temperatures for the AFS andradite vein despite its position at a deeper structural

level could suggest a much deeper source for the hydrothermal fluids compared to other Punta

del Cobre andradite veins and other calcic skarns. We further note the vein along the AFS lacks

sulfides and locally features zones of iron oxide+apatite, similar to IOA deposits from elsewhere

in the Chilean Iron Belt. These characteristics, combined with the presence of calcic skarns at

and below other Punta del Cobre deposits such as Las Pintadas and Atacama Kozan, may suggest

andradite veins are an important link between deep IOA and shallow IOCG mineralization.

3.6 Conclusions
Our results document the timing of magmatism, sodic-calcic alteration, and Atacama fault sys-

tem deformation near Copiapó. Intrusion of the ∼122 Ma Sierra Chicharra quartz diorite is asso-

ciated with the development of a NW-dipping sinistral shear zone as documented by a progression

from magmatic fabrics within the pluton to protomylonitic to ultramylonitic fabrics within a∼200–

500-m-wide shear zone along the main branch of the AFS. Petrography along the ductile AFS shear

zone records an early phase associated with the synkinematic intrusion and shearing of the Sierra

Chicharra quartz diorite recorded by internally strained actinolite and elongate titanite aligned par-

allel to foliation planes. Deformation ceased by ∼115 Ma, documented by the intrusion of the

unstrained Sierra Atacama diorite that cuts all mylonitic fabrics. A post-kinematic main phase of

sodic-calcic alteration associated with the intrusion of the Sierra Atacama diorite is recorded by

annealing of mylonitic fabrics in the shear zone by secondary plagioclase and sodic-calcic alter-

ation of the western margin of the unstrained diorite. Two phases of intrusions cut annealed shear

zone fabrics: several small ∼103 Ma hornblende granodiorite bodies of the Sierra Pajas Blancas

pluton within the shear zone, and a larger undated, unstrained hornblende diorite that intrudes both

the shear zone and the unstrained Sierra Atacama diorite. Finally, a late phase of hydrothermal

alteration is marked by the development of an∼775 m-long post-kinematic andradite vein through

the center of the annealed shear zone at ∼96 Ma.

160



The Sierra Atacama diorite and other late intrusions are part of the Early Cretaceous (119–97

Ma) Copiapó batholith, a pulse of magmatism that outlasted Early Cretaceous Coastal Cordillera

magmatism documented elsewhere along the northern El Salado segment. AFS-related deforma-

tion ended both here and elsewhere along the El Salado segment by ∼115–110 Ma, coeval with a

shift from arc-parallel sinistral shear to E-directed contraction. Continuation of magmatism into

the latest Albian near Copiapó kept geothermal gradients above the brittle-plastic transition during

AFS shear and prevented the development of a major brittle fault. Kinematics and deformation

geometry indicate ductile shear occurred in a transpressional regime that did not evolve to a brittle

fault, due to protracted magmatism that outlasted AFS deformation in the Copiapó region. No-

tably, mineralization occurred in the absence of a transition to brittle transtension along the AFS.

Geochronometric and oxygen stable isotope data indicate magmatic (+6.8 to +7.0‰ δ18OSMOW),

high-temperature (∼400◦C) fluids were responsible for andradite vein formation. The formation

of this vein post-dated all documented intrusions along the shear zone, and a causative pluton is

not recognized. In lieu of a brittle fault to provide a focused fluid pathway, fluid flow utilized the

prominent subvertical anisotropy along the shear zone during ductile transpression, unlike other

portions of the Chilean Iron Belt.

The strong spatial, structural, and geochemical similarities between the AFS and other deposits

in the Punta del Cobre district including the andradite vein at Las Pintadas indicate they were

formed by a very similar set of processes. New garnet U-Pb and sulfide Re-Os dates clearly

document alteration and mineralization at ∼115 Ma, coeval with emplacement of the unstrained

Sierra Atacama diorite and resulting sodic-calcic alteration along the AFS. Stable isotope data

show the Las Pintadas andradite vein formed at 505–840◦C from dominantly magmatic fluids.
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Appendix

Here I provide 5 supplementary figures and 1 dataset for Chapter 1 representing a compilation

of previously published geochronometric data. 3 plates and 5 datasets are included as separate files.

U-Pb and (U-Th)/He data can be accessed at the Geochron.org database: https://www.geochron.

org/dataset/html/geochron_dataset_2020_01_21_C9pPo.

Included here:

Figure A1. Distribution of locations visited for this study.

Figure A2. Cathodolumniscence imagery of zircon from Chapter 1.

Figure A3. Cathodolumniscence imagery of zircon from Chapter 2.

Figure A4. Cathodolumniscence imagery of zircon from Chapter 3.

Figure A5. Wetherill Concordia, field photograph, and kernel density estimate of age spectra for

mylonitic sample 171-N37d.

Dataset A6. Compilation of published age data.

Included separately:

Plate 1. 1:20,000-scale map of the Mantoverde area.

Plate 2. 1:100,000-scale slip history reconstruction.

Plate 3. 1:10,000-scale map of the Copiapó shear zone.

Dataset 1. Zircon U-Pb data.

Dataset 2. Zircon (U-Th)/He data.

Dataset 3. Andradite U-Pb data.

Dataset 4. Sulfide Re-Os data.

Dataset 5. Oxygen stable isotope data.
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Figure A1. Distribution of locations visited for this study.
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Figure A2. Cathodolumniscence imagery of zircon from Chapter 1.
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Figure A3. Cathodolumniscence imagery of zircon from Chapter 2.
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Figure A4. Cathodolumniscence imagery of zircon from Chapter 3.
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Figure A5. Wetherill Concordia, field photograph, and kernel density estimate of age spectra for mylonitic
sample 171-N37d. Inset shows detailed peaks between 100–800 Ma. Note the spread in ages along Concor-
dia and multiple peaks, which is consistent with a sedimentary protolith rather than an igneous protolith.
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Dataset A6. Compilation of published age data.

Region Easting (m) Northing m) Mineral System Age (Ma) Source Publication

Paposo 369312 7275426 Zircon U-Pb 135.6 ± 1.3 Álvarez et al., 2016

Paposo 358066 7275308 Biotite K-Ar 156 ± 4 Álvarez et al., 2016

Paposo 364061 7274416 Hornblende Ar-Ar 138.8 ± 1.7 Scheuber et al., 1995

Paposo 370490 7273616 Biotite K-Ar 133 ± 3 Hervé and Marinovic, 1989

Paposo 349513 7272868 Zircon U-Pb 147.1 ± 1.4 Álvarez et al., 2016

Paposo 347183 7272468 Zircon U-Pb 151 ± 0.8 Álvarez et al., 2016

Paposo 351102 7272203 Zircon U-Pb 147 ± 1.3 Álvarez et al., 2016

Paposo 348848 7270225 Zircon U-Pb 150 ± 0.7 Álvarez et al., 2016

Paposo 349205 7269506 Biotite K-Ar 144 ± 4 Hervé and Marinovic, 1989

Paposo 361187 7269413 Zircon U-Pb 233.8 ± 2.1 Álvarez et al., 2016

Paposo 349926 7269298 Zircon U-Pb 150.5 ± 0.9 Álvarez et al., 2016

Paposo 350313 7269015 Zircon U-Pb 145.9 ± 1.2 Álvarez et al., 2016

Paposo 371568 7268713 Biotite K-Ar 128 ± 3 Hervé and Marinovic, 1989

Paposo 358481 7268013 Biotite K-Ar 155 ± 4 Hervé and Marinovic, 1989

Paposo 355489 7266310 Zircon U-Pb 155.8 ± 0.7 Álvarez et al., 2016

Paposo 350271 7265654 Zircon U-Pb 142.2 ± 1.3 Álvarez et al., 2016

Paposo 368397 7262624 Biotite Ar-Ar 135.2 ± 0.1 Álvarez et al., 2016
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Paposo 350408 7262334 Biotite K-Ar 142 ± 3 Hervé and Marinovic, 1989

Paposo 357482 7261798 Biotite K-Ar 144 ± 4 Hervé and Marinovic, 1989

Paposo 362278 7260236 Zircon U-Pb 135.1 ± 1 Álvarez et al., 2016

Paposo 348149 7257576 Biotite K-Ar 151 ± 4 Hervé and Marinovic, 1989

Paposo 363474 7255149 Biotite K-Ar 155 ± 4 Hervé and Marinovic, 1989

Paposo 348950 7255145 Biotite K-Ar 148 ± 4 Hervé and Marinovic, 1989

Paposo 361488 7252124 Biotite K-Ar 133 ± 3 Álvarez et al., 2016

Paposo 353838 7251731 Zircon U-Pb 225.6 ± 6.7 Álvarez et al., 2016

Paposo 360498 7248341 Biotite K-Ar 128 ± 3 Hervé and Marinovic, 1989

Paposo 352609 7246588 Zircon U-Pb 225.3 ± 4.5 Álvarez et al., 2016

Paposo 355961 7246090 Zircon U-Pb 175.1 ± 1.3 Álvarez et al., 2016

Paposo 353920 7246055 Zircon U-Pb 226.6 ± 2.5 Álvarez et al., 2016

Paposo 354261 7244639 Zircon U-Pb 246.1 ± 1.3 Álvarez et al., 2016

Paposo 355324 7242687 Hornblende Ar-Ar 165.6 ± 1.5 Álvarez et al., 2016

Paposo 355084 7241697 Biotite K-Ar 165 ± 5 Hervé and Marinovic, 1989

Paposo 356717 7240775 Hornblende K-Ar 131 ± 5 Hervé and Marinovic, 1989

Paposo 355099 7240576 Hornblende K-Ar 176 ± 6 Hervé and Marinovic, 1989

Paposo 355866 7237641 Biotite K-Ar 129 ± 3 Hervé and Marinovic, 1989

Paposo 354865 7232483 Zircon U-Pb 146.5 ± 1.5 Ruthven et al., 2020
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Paposo 353935 7232068 Zircon U-Pb 136 ± 1.8 Ruthven et al., 2020

Paposo 353526 7231582 Zircon U-Pb 177.9 ± 1.7 Ruthven et al., 2020

Paposo 354970 7231061 Zircon U-Pb 138.5 ± 1.6 Ruthven et al., 2020

Northern El Salado 366366 7177135 Biotite Ar-Ar 149.2 ± 0.6 Las Cenizas, 2007

Northern El Salado 366885 7176402 Hornblende Ar-Ar 150.5 ± 1 Espinoza et al., 2014

Northern El Salado 364690 7176216 Biotite Ar-Ar 146.8 ± 0.3 Espinoza et al., 2014

Northern El Salado 360586 7174559 Zircon U-Pb 141.3 ± 0.1 Las Cenizas, 2007

Northern El Salado 372887 7172187 Zircon U-Pb 128.2 ± 0.1 Las Cenizas, 2007

Northern El Salado 371902 7170388 Biotite Ar-Ar 142 ± 0.6 Las Cenizas, 2007

Northern El Salado 353711 7166591 Zircon U-Pb 173 ± 4 Espinoza et al., 2014

Northern El Salado 368319 7163693 Biotite K-Ar 126 ± 3 Kurth, 2002

Northern El Salado 368386 7163527 Biotite K-Ar 130 ± 3 Kurth, 2002

Northern El Salado 368710 7163268 Hornblende Ar-Ar 127.5 v 1.5 Kurth, 2002

Northern El Salado 368348 7163267 Biotite K-Ar 128 ± 3 Kurth, 2002

Northern El Salado 368380 7162680 Hornblende K-Ar 137 ± 5 Kurth, 2002

Northern El Salado 368378 7162669 Hornblende K-Ar 137 ± 5 Kurth, 2002

Northern El Salado 365140 7162586 Zircon U-Pb 138.2 ± 0.7 Espinoza et al., 2014

Northern El Salado 368344 7162347 Hornblende K-Ar 148 ± 7 Kurth, 2002

202



Northern El Salado 368387 7162343 Hornblende K-Ar 138 v 5 Kurth, 2002

Northern El Salado 369053 7161469 Biotite K-Ar 125 ± 5 Kurth, 2002

Northern El Salado 369269 7161376 Hornblende K-Ar 133 ± 5 Kurth, 2002

Northern El Salado 369301 7161373 Hornblende K-Ar 136 ± 5 Kurth, 2002

Northern El Salado 373444 7161066 Hornblende Ar-Ar 127.4 ± 1.1 Espinoza et al., 2014

Northern El Salado 369096 7161063 Hornblende K-Ar 123 ± 3 Kurth, 2002

Northern El Salado 369107 7161036 Hornblende K-Ar 90 ± 9 Kurth, 2002

Northern El Salado 371376 7160281 Hornblende K-Ar 131 ± 5 Las Cenizas, 2007

Northern El Salado 365721 7160272 Zircon U-Pb 139.1 ± 0.6 Espinoza et al., 2014

Northern El Salado 372348 7157218 Biotite Ar-Ar 130 ± 0.3 Espinoza et al., 2014

Northern El Salado 370324 7155718 Hornblende Ar-Ar 130.6 ± 1 Espinoza et al., 2014

Northern El Salado 370941 7152388 Biotite Ar-Ar 128.7 ± 0.3 Espinoza et al., 2014

Northern El Salado 379838 7151926 Biotite K-Ar 141 ± 8 Espinoza et al., 2014

Northern El Salado 376539 7144988 Zircon U-Pb 153 ± 0.4 Espinoza et al., 2014

Northern El Salado 373559 7143208 Biotite Ar-Ar 177.4 ± 0.4 Espinoza et al., 2014

Northern El Salado 379437 7143195 Hornblende Ar-Ar 138.9 ± 1.4 Espinoza et al., 2014

Northern El Salado 366839 7142619 Zircon U-Pb 140.1 ± 6 Espinoza et al., 2014

Northern El Salado 366236 7142339 Zircon U-Pb 145 ± 2 Espinoza et al., 2014

Northern El Salado 379618 7132600 Biotite K-Ar 120 ± 3 Ulriksen, 1979
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Northern El Salado 379618 7132600 Biotite Ar-Ar 124 ± 4 Ulriksen, 1979

Northern El Salado 381847 7131914 Biotite Ar-Ar 125.4 ± 0.2 Espinoza et al., 2014

Northern El Salado 386497 7131222 Biotite K-Ar 112 ± 4 Ulriksen, 1979

Northern El Salado 376056 7127711 Zircon U-Pb 207.3 ± 1 Espinoza et al., 2014

Central El Salado 361719 7066348 Hornblende Ar-Ar 131 ± 1.1 Dallmeyer et al., 1996

Central El Salado 365256 7064331 Zircon U-Pb 130.2 ± 1.3 Berg and Breitkreutz, 1983

Central El Salado 355421 7062647 Hornblende Ar-Ar 153 ± 1 Dallmeyer et al., 1996

Central El Salado 365068 7061153 Hornblende Ar-Ar 196.5 ± 0.3 Wilson et al., 2000

Central El Salado 365068 7061153 Hornblende Ar-Ar 133.3 ± 0.2 Wilson et al., 2000

Central El Salado 373863 7058842 Hornblende Ar-Ar 127.2 ± 1 Dallmeyer et al., 1996

Central El Salado 373872 7058634 Zircon U-Pb 126.8 ± 1.3 Berg and Breitkreutz, 1983

Central El Salado 375279 7055914 Hornblende K-Ar 120 ± 4 Zentilli, 1974

Central El Salado 375277 7055895 Biotite K-Ar 115 ± 3 Zentilli, 1974

Central El Salado 372610 7054122 Hornblende Ar-Ar 125.5 ± 1.1 Dallmeyer et al., 1996

Central El Salado 370828 7036884 Biotite K-Ar 104 ± 3 Lara and Godoy, 1998

Central El Salado 356012 7034987 Hornblende Ar-Ar 140.1 ± 0.8 Dallmeyer et al., 1996

Central El Salado 365558 7030600 Hornblende Ar-Ar 107.4 ± 0.5 Dallmeyer et al., 1996

Central El Salado 349552 7025020 Biotite K-Ar 150 ± 4 Godoy and Lara, 1999
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Central El Salado 349498 7020671 Hornblende Ar-Ar 148.5 ± 1.1 Dallmeyer et al., 1996

Central El Salado 350688 7020294 Biotite K-Ar 135 ± 4 Godoy and Lara, 1999
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