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Abstract
The Punta del Cobre district near Copiapó is a center of iron oxide-copper–gold (IOCG) mineralization spatially and tempo-
rally associated with regional sodic-calcic hydrothermal alteration, the Atacama fault system (AFS), and two phases of Early 
Cretaceous magmatism. Here, we investigate the spatiotemporal and geochemical relationships between magmatism, ductile 
deformation, and hydrothermal alteration along the ~ 200 to 300-m-thick steeply NW-dipping Sierra Chicharra shear zone, 
interpreted to be the major strand of the AFS. Mylonitic fabrics and oblique sinistral-reverse kinematic indicators together 
record coaxial flattening in a transpressional regime. Deformation on the AFS took place before, during, and after intrusion 
of the synkinematic Sierra Chicharra quartz diorite of the Coastal Cordillera arc at ~ 122 Ma and terminated before intru-
sion of the unstrained ~ 114 Ma Sierra Atacama diorite of the Copiapó batholith. Geochemical data show that the Copiapó 
batholith was more mafic and more K-rich than the calc-alkaline Coastal Cordillera arc. This time period thus overlaps IOCG 
mineralization in the Punta del Cobre district (~ 120 to 110 Ma). Multiple phases of sodic-calcic alteration in and around 
the AFS shear zone are recognized. Textures of altered rock in the shear zone show both synkinematic assemblages and 
post-kinematic hydrothermal oligoclase. A ~ 775-m-long andradite vein that cuts the shear zone formed broadly at the end 
of magmatism in the district (~ 95 Ma). Oxygen isotope ratios from the vein indicate that hydrothermal fluids were likely 
magmatically derived. Together, this work shows the AFS-related shear zone and nearby IOCG mineralization developed in a 
regional transpressional regime produced by SE-directed oblique convergence across a NE-striking shear zone. IOCG-related 
magmatic-hydrothermal fluids exploited this transcrustal shear zone to produce multiple episodes of regional sodic-calcic 
alteration formed from fluids exsolved from magmas or driven by the heat of the Coastal Cordillera arc and Copiapó batholith.

Keywords  Atacama fault system · Coastal Cordillera arc · Copiapó batholith · Chilean Iron Belt · Punta del Cobre district

Introduction

The Jurassic to Early Cretaceous Coastal Cordillera arc 
of northern Chile and southern Peru is a host for mul-
tiple hydrothermal iron oxide-copper–gold (IOCG) ores 
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together with iron oxide-apatite (IOA) ores, formed along 
much of the length and over much of the history of the arc 
(Fig. 1) (e.g., Espinoza 1990; Vila et al. 1996; Marschik 
and Fontboté 2001a; Arévalo et al. 2006; Cembrano et al. 
2009; Marquardt et al. 2009; Rieger et al. 2010; del Real 
et al. 2018; Simon et al. 2018; Palma et al. 2020; Sala-
zar et al. 2020; Tornos et al. 2020). The arc, in contrast, 
hosts few porphyry deposits (Creixell et al. 2020; Rodri-
guez-Mustafa et al. 2020). Sillitoe (2003), Richards et al. 
(2017), and Skirrow (2022) suggest large-scale shifts in 
plate velocity and convergence angle resulted in a period 
of extension through the magmatic arc, reducing mag-
matic sulfur content in middle and upper crustal magma 
chambers and facilitating the development of IOCGs over 
porphyries. Extension is marked on a regional scale by 
development of back-arc basins filled with interbedded 
volcano-sedimentary and marine strata. The exact period 
of extension is, however, imperfectly constrained and may 
have been diachronous along the arc (e.g., Chen et al. 
2013; Richards et al. 2017). Recent district-scale (up to 
10 km) structural analysis by del Real et al. (2018; 2023) 
documents a shift from extensional back-arc basin sedi-
mentation to syn-mineralization transpressional deforma-
tion around the IOCG deposits near Candelaria in northern 
Chile.

The proposed link between extension and IOCG 
deposits is also not supported by the kinematics of the 
Atacama fault system (AFS), which serves as an impor-
tant control on the structural development of the Coastal 
Cordillera arc and on the location and style of associ-
ated mineralization (e.g., Sillitoe 2003; Arévalo and 
Creixell 2009; Cembrano et al. 2009; Marquardt et al. 
2009). The AFS is a major (~ 1000 km long) system of 
N-striking fault branches and NNW- and WNW-striking 
second-order faults that formed within the Early Creta-
ceous arc between ~ 20.5° S and 30° S (Fig. 1) (Grocott 
et al. 1994; Wilson and Grocott 1999; Grocott and Tay-
lor 2002). Kinematics along the main AFS branches are 
dominantly sinistral strike-slip and do not record a sig-
nificant component of extension between 135 and 110 Ma 
(Seymour et al. 2020, 2021). Ruthven et al. (2019) docu-
ment Early Cretaceous transpression along the southern 
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Fig. 1   Modern-day topography of northern Chile overlain with distri-
bution of Jurassic-Cretaceous igneous rocks of the Coastal Cordillera 
arc from SERNAGEOMIN regional quadrangles, the regional geom-
etry of the three major segments of the crustal-scale Atacama fault 
system (AFS) adapted from Cembrano et al. (2005), and ore deposit 
locations from Sillitoe (2003), Barra et al. (2017), and Salazar et al. 
(2020). Note the strong spatial correlation between the Coastal Cor-
dillera arc, AFS, and economic deposits. Approximate Mesozoic 
oblique convergence vector from Jaillard et al. (1990) is indicated by 
the gray arrow. Location of Fig. 2 is shown by the black box. Inset 
map shows the Mesozoic plate tectonic configuration from Jaillard 
et al. (1990)
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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, the dominant 
trend of the AFS is ~ N-S and sinistral shear dominates 
and with no evidence for widespread transpression nor 
transtension (Seymour et al. 2021).

Arc intrusions played a fundamental role in control-
ling fault system behavior and localizing margin-parallel 
motion along the AFS.  Mylonitic zones are  localized 
within and adjacent to Early Cretaceous plutons and over-
printed by brittle faults that indicate progressive ductile to 
brittle deformation as plutons intruded and subsequently 
cooled (Seymour et al. 2020). Cessation of movement 
along the AFS is interpreted to correlate with waning 
arc magmatism in the Coastal Cordillera and possibly a 
change in convergence vector from SW-directed oblique 
motion to arc perpendicular (Matthews et al. 2012). The 
change in plate motion was coeval with the onset of E-W 
tectonic shortening in the upper crust and eastward migra-
tion of magmatic centers (e.g., Mpodozis and Allmend-
inger 1993; Scheuber et al. 1994; Maksaev et al. 2009; 
Mavor et al. 2020).

The Punta del Cobre district, which lies ~ 17 to 23 km 
east of the AFS and along the eastern margin of the Copiapó 
batholith (Fig. 2) (Arévalo et al. 2006), contains the most 
significant cluster of actively mined IOCG deposits along 
the Peru–Chile margin including the Candelaria-Punta del 
Cobre deposit (del Real et al. 2023). The IOCG deposits in 
and around the Coastal Cordillera arc are invariably associ-
ated with regional voluminous sodic-calcic or sodic altera-
tion, which is developed in both the plutons and overlying 
volcanic and sedimentary rocks (Barton et al. 2011; Barton 
2014; del Real et al. 2018), similar to ores elsewhere in 
the world (Haynes 2000; Barton et al. 2013). However, the 
mineralized cores of the deposits are more typically charac-
terized by potassic alteration assemblages, making a direct 
relationship between sodic-calcic and sodic alteration and 
ore precipitation unclear. Rieger et al. (2012), for instance, 
proposed that the fluid responsible for the sodic-calcic 
alteration acted as a dilutant and coolant to promote pre-
cipitation of IOCG ore from magmatic-hydrothermal fluids.

Here, we provide a detailed investigation of a duc-
tile shear zone that is mapped as the main branch of the 
El Salado segment of the AFS (Arévalo 2005a) and has 
been overprinted by sodic-calcic alteration adjacent to the 
major field of IOCG deposits of the Punta del Cobre dis-
trict around Copiapó. The shear zone developed between 
plutons of the Coastal Cordillera arc and Copiapó batholith 
(Arévalo 2005a). We incorporate geologic mapping, altera-
tion and microstructural petrography, geochronology, and 

geochemistry to determine (1) the geometry, kinematics, 
and timing of mylonitic deformation along the AFS and (2) 
the spatiotemporal and geochemical relationships between 
IOCG mineralization, ductile deformation, hydrothermal 
alteration, and magmatism of both the Coastal Cordillera 
arc and Copiapó batholith. This investigation directly tests 
proposed links between IOCG mineralization and tectonic 
environment (Sillitoe 2003; Chen et  al. 2013; Richards 
et al. 2017). In particular, we examine how the transition 
from Coastal Cordillera arc magmatism to Copiapó batho-
lith emplacement and associated IOCG mineralization is 
related to the geometry and timing of deformation on the 
sinistral AFS. We focus on the nature, timing, and context of 
sodic-calcic alteration and related andradite-rich veins in the 
shear zone and compare our findings to the Punta del Cobre 
mining district to evaluate how alteration relates to regional 
spatial and temporal patterns of Coastal Cordillera arc mag-
matism, IOCG mineralization, and AFS deformation.

Geologic background

Tectonic framework of the Mesozoic Peru–Chile 
margin

Subduction along the Peru–Chile margin, the type local-
ity of Andean-type ocean-continent subduction, has been 
ongoing since the Late Triassic and persists to the present 
day (Coira et al. 1982; Mpodozis and Ramos 1990; Mpo-
dozis and Kay 1992; Parada et al. 2007; Ramos and Fol-
guera 2009). Magmatism associated with subduction began 
as early as ~ 215 to 210 Ma (Rodríguez et al. 2019; Jara et al. 
2021a) and migrated eastward in punctuated phases to the 
position of the modern-day Andean arc (Dallmeyer et al. 
1996; Parada et al. 2007). Relative plate motion across the 
long-lived margin has varied through time as microplates 
were developed and consumed and global tectonic reor-
ganizations occurred (Seton et al. 2012; Matthews et al. 
2012; Butterworth et al. 2016). The calc-alkaline Mesozoic 
Coastal Cordillera arc and related back-arc basin deposits 
now exposed along the northern Chilean coast developed 
above an obliquely convergent margin as the Phoenix (Aluk) 
plate subducted southeastward below the N-S trending mar-
gin of Gondwana (Fig. 1) (Coira et al. 1982). Plutons in this 
region intruded the middle to shallow crust (< 10 km depth) 
in Early Jurassic (195–175 Ma), latest Jurassic to Early Cre-
taceous (150–120 Ma), and late Aptian to early Cenomanian 
(120–99 Ma) pulses (Naranjo et al. 1984; Berg and Baumann 
1985; Dallmeyer et al. 1996; Parada et al. 2007; Oliveros 
et al. 2010; Seymour et al. 2020; Jara et al. 2021a, 2021b). 
The first two pulses are related to the Coastal Cordillera arc, 
and the later phase reflects a transition to more localized 
post-arc magmatism.
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Deformation along the intra-arc AFS is related to the 
oblique component of plate convergence. The AFS is sub-
divided into three major segments: the northern Salar del 
Carmen, central Paposo, and southern El Salado segments 
(Fig. 1). Thermal weakening associated with the intrusion of 
arc plutons facilitated sinistral motion (e.g., Seymour et al. 
2020). Kinematically compatible brittle faults overprint 
mylonitic fabrics along the Paposo and El Salado segments 
(Brown et al. 1993; Scheuber and Gonzalez 1999; Grocott 
and Taylor 2002). Overprinting relationships record a pro-
gressive transition from sinistral strike-slip ductile shear, 
which initiated with the shallow (< 10 km) emplacement 

of Early Cretaceous plutons, to sinistral brittle strike-slip 
deformation (Scheuber et al. 1995; Dallmeyer et al. 1996; 
Ruthven et al. 2019). The transition to brittle deformation 
occurred as magmatism migrated eastward and elevated 
thermal gradients in the arc region relaxed (Scheuber et al. 
1994; Seymour et al. 2020).

Geology of the Copiapó region

The El Salado segment of the AFS is exposed for ~ 480 km 
between the cities of Taltal (25.4° S) and La Serena (30° 
S) (Fig.  1). Fault orientation changes from dominantly 
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Fig. 2   Regional map of bedrock geology in the Copiapó region modi-
fied from Arévalo (2005a, 2005b). Coastal Cordillera arc plutons are 
located to the west (indicated by diagonal hatching), Copiapó batho-
lith plutons through the center, and the Early Cretaceous sedimen-
tary sequence to the east. Stratigraphy of the sedimentary sequence 
is modified from del Real et  al. (2018). Major regional structures 
are labeled. Note that the Atacama fault system occurs through this 
region only as a ductile shear zone. Published age data are as fol-
lows: igneous zircon U–Pb from (1) Marschik and Sollner (2006), (2) 

Girardi (2014), and (3) Jara et al. (2021a); hornblende and biotite Ar/
Ar from (4) Arevalo et al. (2006); hornblende and biotite K/Ar from 
(5) Arevalo (1994), (6) Arevalo (1995), (7) Arevalo (2005a), and (8) 
Arevalo et al. (2005b); detrital zircon U–Pb from (9) Maksaev et al. 
(2009) and (10) del Real et  al. (2018); and ammonite stratigraphy 
from (11) Mourgues (2004) and (12) Aguirre‐Urreta et  al. (2007). 
The locations of Punta del Cobre district deposits from Sillitoe (2003) 
and Marschik and Söllner (2006)  are shown with crossed hammers. 
Location of Fig. 3 is shown in the black box
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N-S-striking multi-strand fault branches between Taltal 
and Copiapó to an overstepping set of NE-striking faults 
between Copiapó and La Serena. Where the orientation 
of the fault system segment shifts from N-striking to NE-
striking near the city of Copiapó, brittle faults are not rec-
ognized. Instead, the AFS is mapped at 1:100,000 scale as 
a subvertical 300–600-m-wide NNE-striking ductile shear 
zone, herein called the Sierra Chicharra shear zone (Arévalo 
2005a) (Fig. 2).

Oblique convergence that produced sinistral slip along the 
AFS transitioned to E-W shortening in the late Early Cre-
taceous (Scheuber et al. 1994). Shortening was accommo-
dated within the Punta del Cobre district by the W-vergent 
Paipote thrust fault, NNE-trending upright Tierra Amarillo 
anticlinorium, and N- to NW-striking, steeply dipping faults 
that cut both the Copiapó batholith and overlying sedimen-
tary section (Arévalo 2005a, b; Maksaev et al. 2009; Mar-
tínez et al. 2013; del Real et al. 2018, 2023). Displacement 
on these structures ranges from 10 s of meters to 1 km of 
dip-slip motion (Arévalo et al. 2006; Kreiner 2011) and may 
have accommodated horizontal as well as vertical motion 
(del Real et al. 2023). The ages given for the change of 
structural regime are not consistent: at a plate-margin scale, 
Chen et al. (2013) suggest a shift at 120 to 100 Ma based on 
plate reconfiguration. Near Copiapó, Maksaev et al. (2009) 
state that extension continues up to ~ 111 Ma based on the 
age of the continental lower Cerrillos Formation. However, 
other authors indicate that inversion of the Chañarcillo 
basin occurred between ~ 115 and 110 Ma, as recorded by a 
regional angular unconformity between the tilted Valangin-
ian to Aptian Chañarcillo and Bandurrias Groups and over-
lying Albian Cerrillos Formation (Fig. 2) (Amilibia 2009; 
del Real et al. 2018).

Compiled published data record a broad magmatic peak 
in the Copiapó area between ~ 140 and 100 Ma, correspond-
ing primarily to the plutonic rocks of the Coastal Cordillera 
arc, including the Cerro Morado (140–137 Ma), La Brea 
(123–117 Ma), and La Borracha (~ 107 Ma) plutons (Farrar 
et al. 1970; Arévalo 1995, 1999; Ullrich et al. 2001; Girardi 
2014). The second major phase and focus of magmatism 
in the area, which both overlaps and postdates the cessa-
tion of Coastal Cordillera arc magmatism, is represented by 
the mafic to intermediate Copiapó batholith (e.g., Marschik 
et al. 2003; Marschik and Söllner 2006). The multi-phase 
magmatism of the Copiapó batholith marks migration of the 
focus of magmatism ~ 15 km east from the main line of the 
Coastal Cordillera arc and the AFS (Fig. 2). The batholith 
was active between 120 and 110 Ma, with minor intrusive 
activity continuing to about 97 Ma (Marschik and Söllner 
2006; Girardi 2014; del Real et al. 2023), and intruded back-
arc marine sediments of the Valanginian to Aptian Punta 
del Cobre Formation, Chañarcillo Group, and Bandurrias 
Group. Major magma compositions include two-pyroxene 

diorites, monzodiorites, and tonalites (Arévalo 2005a) and 
include both calcic calc-alkaline and high-K calc-alkaline 
phases (Marschik et al. 2003).

Hydrothermal alteration and mineralization 
in the Punta del Cobre district

Alteration has been mapped throughout the Copiapó batho-
lith by Kreiner (2011), Barton et al. (2013), and others. 
Studies on individual deposits in the Punta del Cobre dis-
trict have focused on the extent and style of hydrothermal 
alteration and mineralizing 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 Kend-
rick 2015; Veloso et al. 2017; del Real et al. 2018). Despite 
this large body of work and the concentration of ores near 
the margins of phases of the batholith, direct links between 
phases of mineralization, alteration, and causative intrusions 
have not been clearly established (Barton and Johnson 2000; 
Marschik and Fontboté 2001a; Mathur et al. 2002; Barton 
et al. 2005; Arévalo et al. 2006; Chiaradia et al. 2006).

District-scale alteration is characterized by sodic- and 
sodic-calcic assemblages of oligoclase and actinolite with 
accessory titanite, rutile, apatite, and clinopyroxene (Barton 
et al. 2011), especially in the northwestern portion of the 
Punta del Cobre district (del Real et al. 2018). This zone is 
located within the thermal aureole of Copiapó batholith plu-
tons (Zentilli 1974; Marschik et al. 1997; Ullrich and Clark 
1998; Marschik and Fontbote 2001a; Ullrich et al. 2001; 
Mathur et al. 2002; Arévalo 2005a, b; Arévalo et al. 2006; 
Kreiner 2011). More localized alteration zones character-
ized by potassium feldspar, biotite, actinolite, magnetite, and 
chalcopyrite are associated with main-stage Cu mineraliza-
tion hosted along the contact between the lower andesite and 
volcanic-sedimentary/dacite units of the Punta del Cobre 
Formation (Marschik and Fontboté 2001b; del Real et al. 
2018) (Fig. 2). Quartz and epidote are uncommon in altera-
tion assemblages.

IOCG ore consists mainly of magnetite, chalcopyrite, 
and pyrite associated with actinolite, biotite, and chlorite 
(Ryan et al. 1995) and occasionally includes andradite-bear-
ing assemblages such as those found at Alcaparrosa, Ata-
cama Kozan, and Candelaria. Las Pintadas, a classic calcic 
skarn hosted in the Chañarcillo Formation at the La Farola 
deposit, also hosts abundant garnet (Marschik and Fontboté 
2001b; del Real et al. 2018). Ore occurs either as dissemi-
nated, patchy sulfide mineralization hosted by stratigraphi-
cally controlled mantos, within breccia-hosted ore bodies, 
or as veins along steeply dipping brittle faults that grade 
downward into shear zones in the batholith and supracrustal 
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rocks (Camus 1980; Ryan et al. 1995; Marschik and Font-
boté 2001a). Ore textures, including deformed, foliation-
parallel sulfide horizons in the low-angle Ojancos shear 
zone at Candelaria Norte and undeformed sulfide-hematite 
veins cutting the foliated Ojancos shear zone fabrics, suggest 
mineralization occurred during the transition from ductile to 
brittle deformation in a cooling hydrothermal system (del 
Real et al. 2018).

Regional sodic-calcic alteration has not been dated, 
though cross-cutting relationships in the Punta del Cobre 
district suggest that it may be as early as 120 Ma (del Real 
et al. 2018). 40Ar/39Ar dates on hydrothermal biotite at Can-
delaria record local potassic alteration between 116 and 
110 Ma (Ullrich and Clark 1998, 1999; Marschik and Font-
boté 2001a). Three generations of mineralized vein systems 
have been documented in the Copiapó region which may 
be related to either the main or late stage of mineraliza-
tion: (1) a minor early stage hosted by the Early Cretaceous 
volcanic-sedimentary sequence and cut by ~ 127 Ma dikes 
(Kreiner 2011), (2) a main stage related to emplacement of 
La Brea diorite at ~ 117 Ma (Kreiner 2011), and (3) a late 
stage at ~ 115 Ma contemporaneous with nearby Copiapó 
batholith emplacement (Zentilli 1974; Marschik et al. 1997; 
Ullrich and Clark 1998). Of these, the ~ 115 Ma pulse is the 
economically most important. Re-Os dates on molybdenite 
record Cu-Au mineralization at 115.2 to 114.2 Ma at Can-
delaria (Mathur et al. 2002).

Methods

Field investigations

We investigated a ~ 6 km2 area centered on a ductile shear 
zone previously mapped as the main branch of the AFS, 
referred to as the Sierra Chicharra shear zone in this 
study. The shear zone is located ~ 17 km SW of Copiapó 
and ~ 20 km WNW of the Punta del Cobre district and Can-
delaria deposit (black box in Fig. 2). Previous bedrock map-
ping was conducted at 1:100,000 scale by Arévalo (1994, 
1995, 2005a, b). We conducted 1:10,000-scale field mapping 
(Fig. 3, Supplementary Fig. 1) to determine kinematics of 
the shear zone and resolve relationships between alteration 
in the Sierra Chicharra shear zone and local plutons.

We documented lithologies, geometry and intensity 
of fabrics, cross-cutting relationships, and the nature and 
distribution of alteration. Structures were measured with 
a Brunton compass, and average orientations were deter-
mined using maximum eigenvectors in the Stereonet© soft-
ware (Allmendinger et al. 2011; Cardozo and Allmend-
inger 2013). Shear sense indicators including asymmetric 
porphyroclasts, asymmetric folds, and shear bands were 

used to determine the kinematics of macroscopic or mes-
oscale mylonitic fabrics. We collected oriented samples 
for thin section petrography and microstructural analysis 
and bulk samples for geochronologic and geochemical 
analyses from syn- and post-kinematic plutons. Oriented 
samples were cut parallel to lineation and perpendicular to 
foliation. We applied whole-rock geochemistry to investi-
gate the association of the plutons and the chemical nature 
of alteration.

U–Pb geochronology

Zircon and garnet were analyzed for U–Pb geochronology 
by laser ablation inductively coupled-plasma mass spec-
trometry to determine the timing of pluton intrusion and 
hydrothermal vein formation. We also attempted to analyze 
titanite to directly date alteration; however, reconnaissance 
analyses revealed that the titanite did not have sufficient [U] 
to produce robust geochronologic data. Euhedral, unpolished 
zircons from samples 161–2, 161–9, and 191-N116 were 
mounted parallel to the c-axis on double-sided tape for depth 
profiling to capture any potential core-and-rim relationships 
(e.g., Coastal Cordillera plutons documented in Seymour 
et al. (2020, 2021)). Following depth profile analysis, addi-
tional zircons from 161–9 and 191-N116 were mounted 
in epoxy, polished to expose the center of the grains, and 
imaged using cathodoluminescence (CL) to document inter-
nal zoning patterns and better understand the source of com-
plexity in the single-grain zircon U–Pb data (Supplementary 
Fig. 2). Euhedral garnet crystals were picked out of vein 
hand samples, mounted in epoxy, and polished. Garnet frag-
ments were analyzed with energy dispersive spectroscopy on 
a Philips/FEI XL30 environmental scanning electron micro-
scope to identify andradite-rich growth domains to target 
for U–Pb analysis (Gevedon et al. 2018).

Prepared samples were ablated with a PhotonMachine 
Analyte G.2 excimer laser in the UTChron Laboratories at 
the University of Texas at Austin. Approximately 30 zircon 
grains per sample were ablated using a 30-µm-diameter spot 
with a repetition rate of 10 Hz for 30 s at 100% laser power. 
Pit depths were ~ 17 µm. Garnet fragments were analyzed 
using the methods of Seman et al. (2017). Approximately 50 
garnet sites were ablated using a 110-µm-diameter spot with 
a repetition rate of 10 Hz for 30 s at 83% laser power. The 
larger spot size was used to maximize [U] liberated during 
ablation and minimize the effects of downhole fractionation.

Ablated material was analyzed on a Thermo Scientific 
Element 2 high-resolution magnetic sector inductively 
coupled plasma mass spectrometer (ICP-MS). Zircon 
analyses were interspersed 5:1 with primary standard GJ1 
(608.53 ± 0.37 Ma) (Jackson et al. 2004) to correct for 
instrument drift as well as elemental and downhole frac-
tionation. Secondary standards Pak1 (43.03 ± 0.01  Ma 
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TIMS, in-house standard) and Plesovice (337.13 ± 0.37 Ma 
TIMS) (Slama et al. 2008) were interspersed 1:15 with 
unknowns to monitor data quality and date accuracy. Gar-
net analyses were interspersed 5:1 with primary standard 
Willsboro andradite (1022 ± 16 Ma TIMS) (Seman et al. 
2017) and 15:1 with secondary standards Mali grandite 
(202.0 ± 1.2 Ma TIMS) (Seman et al. 2017), Lake Jaco 
grossular (34.0 ± 1.4 Ma LA-ICP-MS) (Seman et al. 2017), 
and zircon standard GJ1 (608.53 ± 0.37 Ma) (Jackson et al. 
2004).

Raw isotopic ratios were reduced in iolite using 
VizualAgeDRS and plotted with IsoplotR (Paton et al. 
2011; Petrus and Kamber 2012; Vermeesch 2018). The 
U decay constant of Jaffey et al. (1971) was used for all 
date calculations. The uncertainty reported for individ-
ual grains represents the combined internal and external 
error. 206Pb/238U dates are reported for all zircon grains. 

Reduced single-grain data with 206Pb/238U dates and 
207Pb/235U dates that differed by < 10% (i.e., discordance) 
were filtered out to eliminate grains with significant Pb 
loss. Zircon crystallization age spectra are complex and 
are discussed in detail below. Garnet dates were plotted in 
Tera-Wasserburg space, and the lower 238U/206Pb intercept 
is interpreted to represent the crystallization age.

Whole‑rock and plagioclase geochemistry

We compiled geochemical data for the area shown in 
Fig. 2 from published studies to evaluate the igneous sig-
natures of the Coastal Cordillera and Copiapó batholith 
as well as major element shifts resulting from alteration. 
Four newly collected bulk geochemical samples from 
units across the study area (samples 191-N88, 191-N81, 
191-N90, and 191-N124) were pulverized and sent to 
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Fig. 3   Detailed mapping of the ductile Sierra Chicharra shear zone. 
Locations of samples analyzed for whole-rock geochemistry, plagio-
clase mineral chemistry, and U–Pb geochronology are shown. Inset 

shows cross-section A-A′ through the shear zone. See Supplementary 
Fig.  1 for 1:10,000-scale version of this map, which includes addi-
tional structural measurements at a finer scale
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Activation Laboratories Ltd. for major and trace element 
whole-rock geochemistry. Sample powders were sub-
jected 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 parts per million 
(ppm) for trace elements.

To tie whole-rock data to petrographic textures, we ana-
lyzed the composition of primary and secondary plagio-
clase both within the shear zone and the variably altered 
Sierra Atacama pluton. Plagioclase from 4 samples (161-
4a, 161–8, 191-N90, and 161–9) was analyzed using a 
JEOL JXA-8230 SuperProbe electron microprobe (EPMA) 
equipped with 5 wavelength-dispersive X-ray spectrom-
eters (WDS) at the Mineral and Microchemical Analysis 
Facility, Stanford University. Polished thin sections were 
carbon coated to ~ 15 nm to prevent the effects of charg-
ing under the electron beam. In situ plagioclase crystals 
were analyzed with 15 kV accelerating voltage, 20 nA 
beam current, and 10 µm beam diameter to mitigate alkali 
migration and volatilization. Analyses were standardized 
on a natural labradorite (NMNH 115900) and natural 
Amelia albite (C.M. Taylor collection).

Oxygen isotope ratios

We analyzed quartz, epidote, and garnet from the hydro-
thermal andradite vein (sample 161–14) to determine the 
composition and source of alteration-related hydrother-
mal fluids. Silicate mineral separates from one sample 
were washed in dilute HCl to remove carbonate, rinsed 
in deionized water, and handpicked under a binocular 
microscope to avoid pieces with visible mineral inclu-
sions. Magnetite and mineral fragments with magnetite 
inclusions were removed with a hand magnet. Approxi-
mately 2.0 mg of mineral separates was analyzed on a 
laser fluorination extraction line using BrF5, coupled 
with a Thermo MAT253 stable isotope ratio mass spec-
trometer at the Light Isotope Laboratory 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 isotopic 
values are reported relative to Vienna Standard Mean 
Ocean Water (VSMOW).

Results

Map relationships

We present cross-cutting relationships beginning with 
exposures west of the Sierra Chicharra shear zone and 
moving east (Fig. 3). The western side consists entirely of a 
medium-grained mesocratic biotite quartz diorite mapped by 
Arévalo (2005a, b) as the Sierra Chicharra pluton. Outcrops 
are recessive, and the pluton is weathered to grus (Fig. 4a). 
Magmatic foliation defined by aligned biotite dips steeply 
NW and is pervasive throughout the exposure of the plu-
ton. Near the margin of the shear zone, the magmatic fabric 
transitions to a zone of protomylonitic and mylonitic fab-
rics. The transition to solid-state fabrics correlates with the 
edge of a bleached zone of plagioclase-actinolite alteration 
trending ~ 212°.

Pinstripe ultramylonites with well-developed cm- to mm-
scale, steeply NW-dipping banding characterize the ~ 200 to 
300-m-wide Sierra Chicharra shear zone (Fig. 4b). Mylo-
nitic fabrics have a strong foliation defined by green and 
white bands and locally have a mineral lineation defined by 
aligned amphiboles. These fabrics are cut by a small stock 
of unstrained and unaltered medium-grained hornblende 
granodiorite and a ~ 1-m-wide hornblende granodiorite dike 
(Fig. 4c). Near the center of the shear zone, a ~ 2–3-m-wide 
andradite-rich vein extends ~ 775 m along a NNE-SSW 
(~ 023°) trend (Fig. 3). A magnetite-rich zone of this vein 
has been prospected but is not being actively worked. Mas-
sive garnet is often associated with classic calcic skarns; 
however, there is no evidence of a carbonate host rock 
within the study area, and this feature is thus interpreted as 
a hydrothermal vein. The margins of the vein are relatively 
sharp and lined with massive brown garnet (Fig. 4e). There 
is a narrow bleached ~ 1- to 2-mm-wide contact zone in the 
wallrock.

The eastern shear zone margin is irregularly cut by an 
altered, internally unstrained pluton (Fig. 4d). This pluton is 
mapped as the Sierra Atacama diorite by Arévalo (2005a, b). 
Pervasive alteration typically extends about 1 km east of the 
intrusive contact with the shear zone. The unaltered pluton is 
a mesocratic medium-grained hornblende diorite. The con-
tact between altered and unaltered pluton is both irregular 
and gradational at the meter scale (Fig. 3). A medium- to 
coarse-grained melanocratic hornblende diorite intrudes 
both the altered rocks of the Sierra Chicharra shear zone 
and the bleached Sierra Atacama diorite at the northern 
end of the study area and continues to the southeast along a 
line of mine workings associated with the Andacollita mine 
(Fig. 3). Locally, it is difficult to distinguish the hornblende 
diorite from the Sierra Atacama diorite due to the similarity 
of the color index and mineralogy.
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Kinematics of ductile fabrics in the Sierra Chicharra 
shear zone

Ductile kinematic indicators record sinistral shear as well 
as apparent W-side-up reverse motion. On surfaces that 
are parallel to lineations and perpendicular to foliation, 
φ-clasts and the symmetric warping of foliation around 
boudinaged layers record a high degree of coaxial shorten-
ing normal to the shear zone boundary (Fig. 5a). Where 
clear shear sense indicators such as sigmoidal foliation 
patterns and C′ shear bands are present, sinistral shear 
sense indicators dominate. Subvertical exposures at a 
high angle to lineations locally show late-stage W-side-
up reverse-sense shear bands (Fig. 5b). Near the center 
of the ~ 200- to 300-m-wide Sierra Chicharra shear zone, 
discontinuous foliation-parallel breccia zones up to 10 cm 
wide locally overprint mylonites (Fig. 5c). A map-scale 
brittle fault is not present in this area at 1:10,000 scale.

Contacts between granitic rocks with magmatic fabrics 
(average orientation 219/79 W) and solid-state mylonitic 
foliations (average orientation 218/74 NW) are concordant 
and locally gradational (Fig. 5d). The average mylonitic 
and magmatic foliation and a slight majority of individual 
foliation orientations strike clockwise from the western 
margin of the shear zone boundary, which is consistent 
with a component of sinistral shear. We did not observe 
a systematic difference in foliation orientations between 
higher strain and lower strain domains. Mineral lineations 
were identified in about a third of outcrops and domi-
nantly plunge < 45° to the NE (n = 14/19) with a smaller 
proportion plunging < 45° to the SW (n = 5/19). Line-
ations have an average orientation of 033/20 (Fig. 5d). 
The predominance of foliation development over linea-
tion development classifies these fabrics as S- to S > L 
tectonites.

Fig. 4   Field photographs of a 
magmatic foliation (marked 
by red lines) and grus-type 
weathering in the Sierra Chich-
arra quartz diorite west of the 
Sierra Chicharra shear zone, 
b “pinstripe” green-and-white 
hydrothermally altered mylo-
nitic shear zone defining the 
AFS, c hornblende diorite dike 
cutting mylonitic fabrics and 
alteration within the shear zone, 
d unstrained but bleached Sierra 
Atacama diorite cross-cutting 
the mylonitic fabrics of the 
shear zone, and e andradite vein 
cross-cutting the shear zone. In 
all photos, contacts are marked 
by yellow lines and mylonitic 
foliations are marked by red 
lines. Lower right panel shows 
a simplified version of Fig. 3 an 
index map for field photograph 
locations
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Magmatic and alteration petrography

The Sierra Chicharra pluton is composed of 2- to 4-mm 
euhedral- to subhedral plagioclase (55–65%); 1 mm anhe-
dral, unstrained quartz (10–15%); and subequal proportions 
of 0.5–1-mm brown biotite and green hornblende, locally 
with apatite inclusions. Primary rutile is not present. The 
pluton is generally unaltered except for minor develop-
ment of epidote and fine-grained white mica in the cores 
of some plagioclase (Fig. 6a). Chlorite and titanite appear 
and become more common with increasing proximity to the 
shear zone, especially as magmatic fabrics defined by biotite 
transition to mylonitic fabrics.

Petrographic analysis reveals that mylonitic fabrics in 
the Sierra Chicharra shear zone are completely annealed 
(Fig. 6b–d). Green foliation planes are defined by aligned 
actinolite, epidote, and titanite. Locally, rutile mantled by 
elongate titanite is also present, and actinolite shows undu-
latory extinction. Plagioclase occurs as smaller crystals 
pinned between foliation planes where spacing is on the 
order of ~ 1 mm (Fig. 6b, d) or as coarse (3 to > 10 mm) 
blocky plagioclase grown around the mafic phases in a 
chessboard pattern in samples with closely spaced foliation 

(Fig. 6c). Igneous plagioclase textures such as oscillatory 
zoning and polysynthetic twinning are absent, and crystals 
are large (> 1 mm) compared to other phases (≤ 0.5 mm) 
(Fig. 6c). Samples with sub-cm- to mm-scale foliation 
planes hosted in larger, internally structureless feldspar 
are concentrated near the center of the shear zone. Brec-
cias within the mylonite zone are composed of monomict 
angular clasts of the green-and-white banded sheared rock 
in a matrix of actinolite and epidote. Locally, the long 
axes of the actinolite and epidote in the breccia matrix are 
aligned, but neither the orientations of elongate minerals 
nor the long axes of clasts record a systematic preferred 
orientation.

The unaltered part of the Sierra Atacama pluton is a sub-
hedral granular hornblende diorite composed of plagioclase, 
green hornblende, and minor quartz and iron oxide phases. 
There is no alignment of minerals or evidence for strain. 
Some plagioclase crystals have fractured cores with high-
relief polysynthetic twinned cores mantled by lower-relief 
rims (Fig. 6g). Hornblende occasionally has 0.5- to 1.5-
mm relict cores of clinopyroxene with embayed edges. The 
boundary between altered and unaltered diorite is locally 
gradational. Therefore, we interpret the altered and unaltered 

Fig. 5   Field photographs 
showing macroscopic mylo-
nitic fabrics and shear sense 
indicators within the mylonitic 
Sierra Chicharra shear zone. a 
Top-down (lineation-parallel) 
view showing mylonitic fabrics 
with coaxial warping around 
boudins and sinistral asymmet-
ric pods. b Lineation-perpen-
dicular view showing late-stage, 
reverse-sense shear bands 
cutting compositional layering 
in macroscopically mylonitic 
fabrics. c Angular clasts of 
mylonitic rocks in a jigsaw-
textured breccia with actinolite 
and epidote matrix. Foliation-
parallel pockets of this breccia 
type are found within the shear 
zone. d Stereographs of planes 
and poles to the magmatic folia-
tion within the Sierra Chicharra 
quartz diorite (left), planes and 
poles to the mylonitic foliation 
within the shear zone (middle), 
and mylonitic lineations in the 
shear zone (right)
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granitoid east of the shear zone to both represent the Sierra 
Atacama diorite.

Alteration of the Sierra Atacama diorite involves albiti-
zation of plagioclase and replacement of mafic phases by 
actinolite and epidote. The degree of alteration ranges from 
pervasive near the shear zone boundary to patchy or incom-
plete with increasing distance from the shear zone. Textures 
are locally igneous rather than secondary as evidenced by 
the preservation of 1- to 2-mm subhedral grains with poly-
synthetic twinning. Local subhedral to anhedral brown gar-
net with rims of fluid inclusion-rich actinolite and titanite 
occur distributed within the pluton and are not connected 
to obvious veins or fluid pathways (Fig. 6e). These Ca-Fe-
bearing phases are mineralogically similar to the assemblage 
seen in the andradite vein. In other areas, titanite, actinolite, 
and epidote define compositional bands within zones of sec-
ondary feldspar development. Large (> 10 mm), anhedral, 
internally structureless feldspar with abundant fluid inclu-
sions cross-cut igneous plagioclase with oscillatory zoning 
and polysynthetic twinning (Fig. 6f). Plagioclase mineral 
chemistry is discussed below. There is no undulatory extinc-
tion, alignment of grain axes, and other evidence of internal 
strain.

The small-scale intrusions that cut the altered portions 
of the Sierra Chicharra shear zone and Sierra Atacama 
diorite are composed of ~ 35–65% hornblende, 30–55% 
plagioclase, ~ 5–10% quartz, and < 5% potassium feldspar 
(Fig. 6h). All phases are unaltered with minimal develop-
ment of epidote and fine-grained white mica within plagio-
clase and limited replacement of hornblende by biotite.

The undeformed andradite vein cuts annealed mylonitic 
fabrics. Vein mineralogy is dominantly (90–95%) euhedral 
brown garnet up to 0.5 cm with lesser subhedral to euhedral 
green epidote up to 1 cm long, subhedral quartz up to 0.5 cm 
long, magnetite, and calcite (Fig. 7a). Quartz and epidote 
are interstitial to garnet, indicating that garnet parageneti-
cally precedes crystallization of quartz and epidote (Fig. 7b). 
Locally, mineralogy varies to include anhedral masses of 
0.5–1 mm apatite cut by anastomosing veins of magnetite. 
No sulfides are present. There is no evidence of pseudomor-
phic relationships with previous phases, retrograde altera-
tion, or replacement.

Whole‑rock and plagioclase mineral geochemistry

New whole-rock data from this study area and compiled 
regional geochemical data plot on igneous trends that are 
distinct between the Coastal Cordillera arc and Copiapó 
batholith (Fig. 8; ESM Supplementary Data 1). The array 
of geochemical data from for both magmatic suites defines 
a range of intermediate to felsic SiO2 values (between ~ 55 
and 75 wt%) with K2O, FeO*, CaO, and Na2O trends typical 
of progressive fractional crystallization. Within the Coastal 

Cordillera, individual plutons such as the Sierra Chicharra 
sample a wide range of the SiO2 compositions that capture 
the full range of the Coastal Cordillera trend. Our whole-
rock geochemical analyses of unaltered Sierra Chicharra 
pluton and previously published analyses on the unit by Jara 
et al. (2021a) plot within the field of calc-alkaline magma-
tism defined by the FeO*/MgO values of Coastal Cordil-
lera arc plutons (Fig. 8) (Marschik et al. 2003). The data 
for Copiapó batholith extends to more mafic compositions 
than the Coastal Cordillera and are comparatively tholeiitic 
in FeO*/MgO values. The Copiapó batholith is particu-
larly different in terms of primary K content, plotting in the 
high-K fields, whereas the Coastal Cordillera falls within 
the medium-K range (Fig. 8). The two exceptions to this 
division of magmatic compositions are the ~ 110 Ma Los 
Lirios pluton and ~ 108–103 Ma Sierra Pajas Blancas pluton, 
which geochemically resemble the Coastal Cordillera arc 
rather than the coeval Copiapó batholith plutons (Fig. 8). 
The Sierra Atacama diorite falls at the mafic end of the high-
K calc-alkaline and ferroan suite that dominates the Copi-
apó batholith. We note that the composition of the unaltered 
Sierra Atacama diorite determined in this study (Fig. 8) falls 
within the field of published data from Girardi (2014) and 
Jara et al. (2021b) for this pluton at significantly more dis-
persed sites (locations, Fig. 3, and data, Fig. 8 and ESM Sup-
plementary Data 1). Furthermore, map relationships suggest 
that sampled outcrops are part of a single continuous pluton. 
This suggests that zonation of the pluton is not the primary 
driver of geochemical differences between the altered and 
unaltered samples seen in this work. The more mafic nature 
of the younger magmatism is evident in the field: the Coastal 
Cordillera arc-related Sierra Chicharra pluton is a quartz 
diorite whereas the unaltered Sierra Atacama is dioritic to 
gabbroic. Other younger intrusions are relatively more also 
mafic than the Sierra Chicharra quartz diorite, especially 
the melanocratic hornblende diorite dike that cuts both the 
Sierra Chicharra shear zone and the Sierra Atacama diorite.

Two samples from the altered Sierra Chicharra pluton 
and altered Copiapó batholith samples from across the 
area, including near Las Pintadas and under the waste pile 
at Candelaria, reflect the geochemical characteristics of 
IOCG-related alteration. Element mass gains and losses on 
alteration cannot be quantitatively determined as no element 
can be demonstrated to be both immobile and of uniform 
concentration in each pluton and are thus assessed qualita-
tively through comparison of compositions of altered rocks 
relative to the igneous trends (Fig. 8). Relative to unaltered 
samples, the altered parts of each pluton fall along trends of 
composition consistent with magnetite-destructive calcic- to 
sodic-calcic alteration: K2O is almost quantitatively leached; 
FeO* is consistently lower; CaO is slightly but consistently 
higher; and Na2O is variably and locally strongly higher 
(Fig. 8 and ESM Supplementary Data 1). The direction and 
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degree of SiO2 metasomatism cannot be constrained; how-
ever, the shifts of CaO and FeO* cannot be simultaneously 
explained by either SiO2 addition or loss. Depletion of K2O 
and FeO* and synchronous enrichment of Na2O and CaO 
can be related to the development of titanite, epidote, and 
actinolite at the expense of original mafic phases (e.g., bio-
tite and amphibole).

Albitization of whole rocks given by > 1 wt% increase 
in Na2O can be seen in the chemistry of the two plagio-
clase textures (Fig. 6): 1- to 2-mm euhedral to subhedral 
plagioclase with polysynthetic twinning has An contents of 
28 to 37% (average 33.3 ± 1.5%), whereas mm- to cm-scale 
anhedral, internally structureless plagioclase from three sites 

across the shear zone has An contents of 23 to 32% (aver-
age 26.3 ± 2.2%), 21–25% (average 22.9 ± 0.8%), and 23 to 
30% (average 27.8 ± 2.3%) (ESM Supplementary Data 2). 
While igneous mineral chemistry data is sparse within the 
studied region, the polysynthetic plagioclase compositions 
overlap with the low end of plagioclase compositions deter-
mined for unaltered Coastal Cordillera arc plutons along the 
Coloso Fault at the northern end of the Paposo segment near 
Antofagasta (Fig. 1, An contents of 37–53% for plutons with 
54.8 to 59.1 wt% SiO2) (Lucassen and Franz 1996). The 
albitization at the whole-rock and mineral scale, in addition 
to gains and losses in other major elements, is thus similar 
to deep, peripheral sodic-calcic alteration recorded distal to 
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IOCG ore bodies in and around the Copiapó batholith (e.g., 
Kreiner (2011) and Barton et al. (2011, 2013)).

Zircon U–Pb geochronology

Sierra Chicharra quartz diorite

Individual zircon grains from the unaltered Sierra Chicharra 
quartz diorite have 206Pb/238U dates that fall between ~ 116 
and ~ 132 Ma (Fig. 9a; ESM Supplementary Data 3). The 
concordia age for all concordant zircons is 122.8 ± 0.5 Ma 
(n = 33, MSWD = 3.8). Th/U values consistently cluster 
around ~ 1 (mean 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.

Sierra Atacama diorite

The overall range of zircon U–Pb dates obtained from the 
Sierra Atacama diorite varies between ~ 104 and 136 Ma. 

Individual zircon grains analyzed in polished mounts have 
206Pb/238U dates that range from ~ 119 to 136 Ma (Fig. 9b; 
ESM Supplementary Data 3). The concordia age determined 
from grains in polished mounts is 125.9 ± 0.4 Ma (n = 53, 
MSWD = 67). We used cathodoluminescence (CL) imagery 
to resolve the source of the date dispersion. Zircon textures 
of the altered domain of the Sierra Atacama diorite are com-
plex. Core domains either retain blurred oscillatory zoning 
or have convoluted zoning patterns with complex patches of 
bright and dark CL response. Relatively bright, patchy exter-
nal or rim domains are characterized by irregular dissolution/
recrystallization fronts that cut internal domains and almost 
completely replace original internal textures in some grains. 
Complex CL textures on the internal domains of single grains 
in polished mounts occur in grains across the spread of 118.9 
to 136.1 Ma U–Pb dates. All but 2 grains with dates younger 
than 120 Ma occur in domains with complex internal CL 
textures. External domains range from 110.3 to 116.2 Ma. 
Depth profile analysis of additional unpolished zircons to 
capture internal and rim domains documented dates ranging 
from ~ 104 to 130 Ma and a concordia age of 117.8 ± 0.4 Ma 
(n = 39, MSWD = 51). Grains have Th/U values ranging from 
0.15 to 1.69 (average 1.03 ± 0.42) and do not show systematic 
variations in Th/U, [U], or degree of discordance with date 
(ESM Supplementary Data 3).

Cross‑cutting hornblende diorite dike in the Sierra 
Chicharra shear zone

U–Pb dates from individual polished zircon grains in the 
unaltered, unstrained hornblende diorite dike yielded a range 
between 114.2 and 132.9 Ma and two slightly older dates 
(137.2 Ma and 143.1 Ma) from grains with < 10% discord-
ance (Fig. 9c; ESM Supplementary Data 3). The concordia 
age is 125.0 ± 0.4 Ma (n = 46, MSWD = 140). We employed 
CL imagery and additional depth profiles to better under-
stand the dispersion. Zircon grains from sample 191-N116 
are euhedral and have complex internal textures with igne-
ous oscillatory zoning and overgrowths including core and 
rim relationships, convoluted zoning, and recrystallization 
fronts similar to those documented in the altered Sierra Ata-
cama diorite. Cores are often bright, with dark inner rims 
and medium-gray outer rims. Oscillatory zoning is largely 
replaced by mixed bright and dark domains. Where oscil-
latory zoning remains, the zones are 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 cross-cut other internal textures. Depth profile analyses 
yielded a dispersed range of 206Pb/238U dates from 100.6 to 
132.9 Ma with a concordia age of 120.3 ± 0.4 Ma (n = 30, 
MSWD = 30).

Fig. 6   Representative photomicrographs from each map unit. All 
thin sections are cut perpendicular to foliation, and where a lineation 
is present, parallel to lineation. a Unaltered Sierra Chicharra quartz 
diorite (sample 161–2). Fine-grained white mica and epidote are pre-
sent in the cores of some plagioclase. Note the horizontal alignment 
of biotite defining the weak magmatic foliation seen in Fig. 4a. b–d 
Textures within the hydrothermally overprinted mylonitic shear zone 
organized by increasing distance from the shear zone-Sierra Chich-
arra contact. Note that all mesoscale mylonitic fabrics are annealed 
by actinolite + epidote + plagioclase alteration mineralogy. Sam-
ples with sub-cm- to mm-scale foliation planes hosted in secondary 
feldspar are concentrated near the center of the shear zone. b Fine-
grained lithology (sample 161-4a) with actinolite and secondary pla-
gioclase evenly distributed throughout. c Very fine-grained actinolite 
+ epidote overgrown by blocky, internally unstrained secondary pla-
gioclase (sample 161–5). d Compositionally distinct bands of acti-
nolite + epidote and plagioclase in the eastern portion of the shear 
zone (sample 161–8). Strong compositional separation produces the 
green and white “pinstripe” appearance of mylonites seen in Fig. 4b. 
e–g Textures of the unstrained and variably altered Sierra Atacama 
diorite. e Unaltered, unstrained domain of the Sierra Atacama diorite 
located on the eastern margin of the study area (sample 191-N124). 
Note the relict cores of clinopyroxene in the hornblende. f Titanite 
+ actinolite defines a veinlet within the Sierra Atacama diorite. The 
texture in the actinolite is formed by abundant fluid and mineral 
inclusions. g Contact zone between two textural types of plagioclase. 
Primary plagioclase is finer grained and retains polysynthetic twin-
ning whereas secondary feldspar is coarser and lacks internal tex-
ture. Mafic phases actinolite + epidote are found within secondary 
plagioclase. h Unaltered, unstrained hornblende diorite dike (sample 
191-N119) that cuts the shear zone. Abbreviations are as follows: 
Act, actinolite; Bt, biotite; Ep, epidote; Hbl, hornblende; Kfs, potas-
sium feldspar; Qz, quartz; Pl, plagioclase; Pyx, pyroxene; Ttn, titan-
ite; WM, white mica. All photomicrographs were taken under cross-
polarized light. Whole-rock geochemistry for a, b, e, and g is given 
in Supplementary Data 1 and Fig. 11. Geochemical compositions of 
plagioclase for b, d, e, and f are given in Supplementary Data 2. Zir-
con U–Pb data for a, e, and h are given in Supplementary Data 3 and 
Fig. 8

◂



	 Mineralium Deposita

Garnet U–Pb geochronology and oxygen isotope 
characterization of the andradite vein

Garnet is dominantly andradite based on EDS analyses 
(Fig. 10a, ESM Supplementary Data 4). Grandite series 
compositions such as those found in this vein are favorable 
for U–Pb analysis due to ferric rather than ferrous Fe content 
(Gevedon et al. 2018). U concentrations range between 0.23 
and 5.3 ppm, and some domains include significant propor-
tions of non-radiogenic or common Pb (PbC) in the garnet 
lattice (ESM Supplementary Data 5). Andradite data were 
plotted in Tera-Wasserburg space to account for the presence 
of non-radiogenic Pb. The 238U/206Pb lower intercept date 
is 95.4 ± 2.1 Ma (MSWD = 1.3, n = 38, Fig. 10b), and the 
207Pb/206PbC upper intercept is 0.734 ± 0.030.

Oxygen isotope ratios (δ18O) for quartz, epidote, and 
garnet mineral separated from within the vein are positive 
relative to Vienna Standard Mean Ocean Water (+ 5.7‰ for 
epidote, + 11.1‰ for quartz, and + 5.4‰ for garnet; ESM 
Supplementary Data 6). Quartz and epidote are interstitial 
to garnet (Fig. 7a, b), indicating that the three phases are 
unlikely to be in equilibrium together. Andradite is primar-
ily stable above 400 °C unless the hydrothermal fluid is high 
in CO2, which is unlikely given the presence of epidote in 
this vein (Taylor and Liou 1978). There is no petrographic 
evidence for the breakdown of garnet (Fig. 7b). As such, 
we treat the δ18O values of garnet separately from the oxy-
gen isotopes of quartz + epidote. Allowing for a maximum 
hydrothermal temperature bound of 550 °C and a range 
of temperatures down to 400 °C, the calculated fractiona-
tion between grossular-andradite garnet and water is − 3.6 
to − 3.9‰ at 400 °C and − 2.9 to − 3.1‰ at 550 °C (Clay-
ton et al. 1972; Matthews 1994; Kohn and Valley 1998). 
Garnet with δ18O value of + 5.4‰ is calculated to be 

formed in equilibrium with fluids with δ18O values greater 
than ~ + 8.5‰. Stable isotope thermometry of the quartz-
epidote pair (Δ qtz-ep = + 5.4‰) suggests crystallization of 
retrograde minerals at 319 + 14/ − 61 °C (Vho et al. 2020), 
which represents a minimum fluid temperature for the vein 
after fluids had begun to cool. The composition of hydro-
thermal fluid in equilibrium with quartz and epidote over this 
temperature range is calculated to be approximately + 5.1‰ 
δ18O. Temperatures calculated from the parameters of Zheng 
(1993a, b) range from ~ 294 to 298 °C in equilibrium with 
fluids with δ18O ratios of + 4.3 to + 4.4‰.

Discussion

Deciphering the age of intrusion from complex 
zircon U–Pb data

Accurately determining the timing of Sierra Chicharra shear 
zone activity hinges on the interpretation of the complex 
U–Pb date distributions recorded in this area. The high 
MSWD that characterize many of the data sets across the 
study area, especially in zones affected by hydrothermal 
alteration, indicate that zircon grains in any sample do not 
represent single populations, and as such, concordia ages 
cannot represent the age of intrusion. Here, we carefully 
examine trends and compare our new data to previous stud-
ies to provide robust interpretations of pluton emplacement 
ages.

Sierra Chicharra quartz diorite

Single-grain zircon 206Pb/238U dates have a unimodal popu-
lation in unaltered Sierra Chicharra sample 161–2 (Fig. 11a). 
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Fig. 7   Petrography and textures from the andradite vein. a Pho-
tograph showing euhedral crystals of brown garnet with intersti-
tial quartz and epidote. b Photomicrograph showing the boundary 

between the andradite vein and wall rock, composed primarily of pla-
gioclase. Photomicrograph taken under plane-polarized light. Abbre-
viations are as follows: Ep, epidote; Grt, garnet; Qz, quartz
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The pattern shown by the tails of the distribution matches 
those expected for small degrees of Pb loss (5 grains in the 
younger tail, ~ 116–118 Ma) and inheritance (7 grains in the 
older tail, ~ 126–132 Ma) (Fig. 11a; Spencer et al. 2016). 
Inheritance is common in long-lived, incrementally assem-
bled arc plutons (e.g., Miller et al. 2007; de Saint Blanquat 
et al. 2011), and Pb loss is likely related to hydrothermal 
fluid flow that produced alteration of the nearby shear zone 
(discussed below). Based on these characteristics, we inter-
pret the weighted mean of the central 21 individual U–Pb 
dates (122.1 ± 0.6 Ma, n = 21; MSWD = 0.68) to be the 
emplacement age of the Sierra Chicharra quartz diorite in 
the study area.

This weighted mean date is younger than previ-
ously reported biotite K–Ar and 40Ar/39Ar dates (i.e., 
128–125 Ma) (Arévalo 1995, 2005a; Godoy et al. 2003) and 
previously reported zircon U–Pb dates (i.e., 126.9 ± 1.1 Ma 
and 125.3 ± 1.2 Ma) (Jara et al. 2021a) from the Sierra 
Chicharra quartz diorite. These previous studies sampled 
the pluton 5–14 km away from our study area, suggesting 
some degree of spatial variability that may be a product 
of incremental pluton assembly. Incremental assembly of 
the Sierra Chicharra is supported by the overlap of indi-
vidual zircon U–Pb dates reported here with the distribu-
tions reported by Jara et al. (2021a) (Fig. 11a), interpreted 
to represent recycling of antecrysts in the magma chamber. 
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fields are after Arculus (2003). Samples from the Coastal Cordil-
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small symbols show published data from the literature (ESM  Sup-
plementary Data 1). Samples with heavy black outlines represent 

the Sierra Chicharra quartz diorite and Sierra Atacama diorite. The 
compositions of unaltered Sierra Chicharra correspond with those of 
all other calc-alkaline intrusions along the Coastal Cordillera arc (yel-
low circles). The Sierra Atacama diorite falls at the mafic end of the 
high-K calc-alkaline suite that dominates the Copiapó batholith (light 
blue circles). Altered rocks from both intrusions (diamonds) fall in a 
distinct field of low K2O, somewhat lower FeO*, and higher CaO and 
Na2O compared to both igneous trends
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Construction of the pluton over ~ 3–5 Myr fits with time-
scales of pluton construction documented elsewhere along 
the Coastal Cordillera arc (Cruden et al. 2004). Therefore, 
we interpret the intrusion ages of the overall Sierra Chich-
arra to range between ~ 126 and 122 Ma, with emplacement 
of the youngest pulse on the western margin of the Atacama 

fault system within this study area at 122.1 ± 0.6  Ma 
(Fig. 11b). Given the presence of a magmatic fabric and 
concordant transition to mylonitic fabrics across the Sierra 
Chicharra shear zone, we further interpret this age to repre-
sent the minimum bound on inception of ductile deforma-
tion along this segment of the AFS.
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the variation in single-grain analyses from each analysis type. CL 
images for samples 161–9 and 191-N116 are shown to better under-
stand the source of high MSWD values (for full CL imagery, see Sup-
plementary Fig. 2). Interpretation of zircon U–Pb data is provided in 
Fig. 11
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Sierra Atacama diorite

Zircon 206Pb/238U data from the altered domain of the Sierra 
Atacama diorite (sample 161–9) show an older peak from 
136 to 120 Ma with an overlapping younger shoulder from 
120 to 105 Ma when plotted as a kernel density estimate 
(Fig. 11a). Reducing the bandwidth on the kernel density 
estimate allows the distribution to be resolved into two 
peaks. Narrowing the discordance filter from < 10 to < 2% 
to focus on only the most concordant data reduces the height 
of the older peak relative to the younger shoulder but does 
not resolve the complexity of the distribution. A multi-modal 
distribution indicates that the zircons are not derived from a 
single pulse of magma and may contain a significant compo-
nent of inherited zircons. The main peak in the age spectra 
(~ 136–120 Ma) overlaps the distribution of zircons from 
the Sierra Chicharra quartz diorite (Fig. 11a). Inheritance 
of mineral grains from a prior magma is also shown by the 
preservation of clinopyroxene and plagioclase cores in the 
unaltered Sierra Atacama diorite (Fig. 6e).

The younger cluster with a ~ 120–110 Ma range of dates 
overlaps with (a) the age of interpreted minor Pb loss in 
the Sierra Chicharra quartz diorite and (b) recent zircon 
U–Pb dates from exposures of unaltered Sierra Atacama 
diorite from ~ 5.5 km southeast of the Sierra Chicharra 
shear zone (114.6 ± 0.3 Ma and 113.9 ± 0.5 Ma) (Jara et al. 
2021a), ~ 7.5 km southeast of the Sierra Chicharra shear 
zone (114.8 ± 0.5 Ma, 114.5 ± 0.5 Ma, and 111.6 ± 0.6 Ma) 
(Jara et al. 2021a) and a K–Ar date of 117–104 Ma (Arévalo 
2005a, b). Internal textures of the Sierra Atacama diorite in 

Jara et al. (2021a) show simple and/or oscillatory zoning 
(Fig. 2 of Jara et al. (2021a)). These grains are euhedral with 
angular crystal faces and do not show the irregular, gray 
domains cross-cutting igneous textures seen in our study 
(e.g., Fig. 9b and ESM Fig. 2). The textures of the zircon 
presented by Jara et al. (2021a) support an igneous origin 
without a substantial fluid overprint. Additionally, their sin-
gle-grain data range between ~ 113 and 117 Ma and do not 
show an older or younger population (Fig. 11a) (Fig. 4F of 
Jara et al. 2021a). Therefore, we propose that the comparison 
to their data set is robust approach to interpret the complex 
data in this work. Integrating field relationships with pub-
lished geochronology, we interpret a 114.0 ± 0.6 Ma zircon 
U–Pb emplacement date based on a coherent population 
of 14 concordant zircons (n = 14, MSWD = 1.6, Fig. 11c). 
Given the lack of solid-state fabrics in the Sierra Atacama 
diorite and pervasive alteration of the western margin of the 
pluton, we further interpret this age to represent the mini-
mum bound on the end of Sierra Chicharra shear zone activ-
ity and maximum bound on the phase of hydrothermal fluid 
flow that caused alteration of this pluton.

We interpret individual zircon U–Pb dates younger 
than ~ 110 Ma to record disturbance of the U–Pb system 
post-dating emplacement of the pluton. This interpreta-
tion is based on several factors: ample field and petro-
graphic evidence for syn-emplacement hydrothermal 
alteration, as well as complex CL patterns in many grains 
younger than ~ 110 Ma. Non-uniform CL response with 
complex bright and dark cores reflects internal hetero-
geneities in rare earth element concentrations including 
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in Supplementary Data 5
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U distribution (e.g., Rubatto and Gebauer 2000) as well 
as variability in the diffusion domain size and lattice-
controlled diffusion pathways within individual crystals. 
Post-emplacement alteration younger than ~ 110 Ma is 
further supported by the lack of zircon 206Pb/238U dates 
between 110 and 105 Ma in the unaltered hornblende 
diorite dike that cuts the zone of alteration (discussed 
below).

Cross‑cutting hornblende diorite dike in the Sierra 
Chicharra shear zone

Single-grain 206Pb/238U dates from dike sample 191-N116 
show a multi-modal distribution with the largest peak 
between 135 and 120 Ma, a small but distinct peak from 
120 to 110 Ma, and a minor peak from 105 to 100 Ma. 
This pattern overlaps with the distribution of individual 
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Fig. 11   a Cumulative distribution functions (CDF) and kernel density 
estimates for zircon U–Pb data from the Sierra Chicharra quartz dior-
ite, Sierra Atacama diorite, and hornblende granodiorite dike. Sam-
ples from this study are compared to data from Jara et  al. (2021a). 
Red and yellow bars mark the inflection points in the CDF. Plots 
made using DetritalPy (Sharman et  al. 2018). Weighted mean dates 
for zircon from the b Sierra Chicharra quartz diorite (sample 161–2), 
c Sierra Atacama diorite (sample 161–9), and d hornblende grano-

diorite dike (sample 191-N116). Bars denoting the extent of single-
grain dates for the Sierra Chicharra and Sierra Atacama plutons from 
the CDF are shown on the weighted mean plots. Grains used to deter-
mine the weighted mean date are shown in blue, grains affected by 
hydrothermal alteration are shown in red, and inherited or antecrystic 
grains are shown in gray. Where data are complex, weighted mean 
determinations are shown in the inset plots. See text for discussion
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zircon U–Pb dates from the Sierra Chicharra quartz dior-
ite and single-grain dates from the unaltered Sierra Ata-
cama diorite of Jara et al. (2021a) (Fig. 11a). We note the 
absence of single-grain dates between ~ 110 and 105 Ma, 
which further supports an intrusion age of the Sierra Ata-
cama diorite by ~ 114 Ma with hydrothermal alteration 
producing the ~ 110–104 Ma range of dates.

Despite the preponderance of zircon U–Pb dates 
115 Ma and older, cross-cutting field relationships clearly 
document the intrusion of this dike post-dated the cessa-
tion of mylonitization and alteration of the Sierra Chich-
arra shear zone (Fig. 4c). As such, we interpret most zir-
con grains from this dike to be inherited xenocrysts from 
the surrounding plutons (Fig. 11d). Significant inherit-
ance of zircon can be expected in < 10-m-wide intrusive 
bodies whose contact zones cool too rapidly to dissolve 
inherited zircon (Bindeman and Melnik 2016). The 
youngest three analyses do not overlap with the distribu-
tions seen in either the Sierra Chicharra or Sierra Ata-
cama plutons, and therefore, we interpret them to record 
the intrusion of the dike. The three youngest analyses 
give a weighted average of 103.2 ± 4.2 Ma (MSWD = 1.6, 
Fig. 11d). Although the precision of this age is low, it 
does support the cross-cutting field relationships and 
overlaps the age of the nearby Sierra Pajas Blancas intru-
sion of Jara et al. 2021a (99.6 ± 1.5 Ma, 99.2 ± 0.7 Ma). 
As such, we interpret the last phase of hydrothermal alter-
ation to end prior to intrusion of this dike at ~ 103 Ma.

Andradite vein

All analytical spots for andradite fall along a single lin-
ear array in Tera-Wasserburg space (Fig. 10b). Given that 
selected spots spanned multiple garnet crystals and targeted 
transects across individual crystals, this variation along a 
single line suggests all garnet crystals formed in one event 
over a relatively short time span. The spread along the array 
reflects differing proportions of radiogenic (U-derived) Pb 
versus non-radiogenic (common) Pb. Therefore, the lower 
intercept of 95.4 ± 2.1 Ma is interpreted to record the timing 
of andradite vein crystallization (Fig. 10b).

Geometry, kinematics, and timing of the Sierra 
Chicharra shear zone

Integrating field relationships and geochronologic data 
outlines the following series of deformation and pluton 
emplacement events (Fig. 12) associated with the AFS in 
the Copiapó region: (1) synkinematic emplacement of the 
Coastal Cordillera arc-related Sierra Chicharra quartz diorite 
at 122.1 ± 0.6 Ma and development of the mylonitic Sierra 
Chicharra shear zone during AFS-related strain, (2) post-
kinematic emplacement of the Copiapó batholith-related 

Sierra Atacama diorite at 114.0 ± 0.6 Ma, and (3) post-kin-
ematic intrusion of several hornblende granodiorite stocks 
and dikes, one of which intruded at 103.2 ± 4.2 Ma. Cross-
cutting relationships combined with the interpretation of zir-
con U–Pb ages constrain shear zone activity between ~ 122 
and 114 Ma, overlapping IOCG mineralization in the Punta 
del Cobre district and transpressional motion on syn-min-
eralization structures throughout the district (del Real et al. 
2023).

Synkinematic emplacement of the Sierra Chicharra 
quartz diorite during AFS strain is evidenced by magmatic 
fabrics within the pluton west of the shear zone transition-
ing to concordant protomylonitic fabrics across the western 
margin of the shear zone and ultimately to ultramylonites 
within the core of the Sierra Chicharra shear zone (Figs. 4 
and 5d). Coaxial fabrics and S-tectonites record flattening 
normal to the shear zone with sparse sinistral kinematic indi-
cators and apparent sinistral and reverse kinematics along 
late-stage shear bands. Where lineations are present, they 
primarily plunge NE along the NW-dipping shear zone. The 
orientation of mylonitic fabric with regard to the trend of the 
shear zone boundary shows a symmetric distribution with 
a bias towards a clockwise orientation, suggesting a minor 
component of sinistral shear, consistent with outcrop-scale 
indicators (Fig. 13a). Overall, these geometric and kinematic 
data indicate that mylonitic fabrics developed in a coaxial-
dominated transpressional strain regime with sinistral shear 
(Fig. 13b) (e.g., Sanderson and Marchini 1984; Fossen and 
Calvalcante 2017). Coaxial-dominated transpressional zones 
are typically characterized by vertical lineations (e.g., Tikoff 
and Greene 1997; Fossen and Calvalcante 2017); however, 
shallowly plunging lineations may suggest some strain 
partitioning with the sinistral component focused in some 
domains and the coaxial component dominant elsewhere. 
Sinistral transpression ended prior to the intrusion of the 
unstrained Sierra Atacama diorite. Locally, veinlets within 
the hydrothermally altered Sierra Atacama diorite define a 
spaced fabric subparallel to the shear zone boundary, which 
may suggest that the pluton intruded at the end stages of 
deformation or may alternatively reflect emplacement-
related flow.

Multiple pulses of hydrothermal fluid flow

Field observations and microstructural relationships docu-
ment three pulses of hydrothermal fluid flow resulting in 
the growth of alteration assemblages: (1) synkinematic 
Na-Ca alteration associated with AFS sinistral shear dur-
ing and after emplacement of the Sierra Chicharra quartz 
diorite between 122 and 114 Ma, (2) post-kinematic Na-Ca 
alteration coeval with intrusion of the Sierra Atacama diorite 
at ~ 114 Ma, and (3) a sub-km-scale hydrothermal andradite 
vein through the center of the annealed Sierra Chicharra 
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shear zone at ~ 95 Ma, post-dating all intrusions at the cur-
rent level of exposure (Fig. 12). The timing of alteration 
is compatible with known alteration and mineralization 
events documented throughout the Punta del Cobre district, 

including an early stage associated with emplacement of an 
Early Cretaceous 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 

P
u
n
t
a
 
d
e
l 
C
o
b
r
e
 
F
m
,

C
h
a
ñ
a
r
c
illo

 
G
r
o
u
p

C
e
r
r
illo

s
 
F
m

C
o
a
s
t
a
l 
C
o
r
d
ille

r
a
 
a
r
c

C
o
p
ia
p
ó
 
b
a
t
h
o
lit
h

A
t
a
c
a
m
a
 
F
a
u
lt
 
S
y
s
t
e
m

D
e
f
o
r
m
a
t
io
n
 
in
 
t
h
e
 
P
d
C
 
d
is
t
r
ic
t

I
O
C
G
 
a
lt
e
r
a
t
io
n
 
in
 

t
h
e
 
P
d
C
 
d
is
t
r
ic
t

Mylonitic foliationHornblende diorite (unknown Cretaceous)

Sierra Atacama diorite (~115 Ma)

Sierra Pajas Blancas granodiorite (108-103 Ma) Calcic alteration (Phase I)

Andradite vein (~96 Ma, Phase III)And

Khd

Kspb

Ksa

Sierra Chicharra quartz diorite (~122 Ma)Ksc

Sodic-calcic alteration (Phase II)

N

~122 Ma

1 km

Ksc

Ksc

Ksc

Kspb

Kspb~103 Ma

Ksc

Ksa

And

Kspb

~96 Ma

Ksc

Ksa

Khd

~114 Ma

Ksc

Ksa

135 Ma

130 Ma

125 Ma

120 Ma

115 Ma

105 Ma

95 Ma

110 Ma

100 Ma

Sediments/

Volcanics

Magmatism Structure/

Deformation

Alteration/

Mineralization

a

b

c

d

Fig. 12   Left: temporal evolution of sedimentation, magmatism, 
deformation, and alteration in the Copiapó region. Gray bars give 
timing constraints from previous work; black bars indicate new tim-
ing constraints from this study. Note the correlation between Copi-
apó batholith magmatism, deformation in the wider Punta del Cobre 
district, and development of IOCG alteration. Atacama fault system 
deformation is correlated with Coastal Cordillera arc magmatism 
and ends during the period of IOCG-related alteration. Right: sche-
matic map of events along the Sierra Chicharra shear zone. a Intru-
sion of the ~ 122  Ma Sierra Chicharra quartz diorite is associated 
with the development of ~ 200–500-m-wide NW-dipping sinistral 
shear zone as documented by a progression from magmatic fabrics 
within the pluton to protomylonitic to ultramylonitic fabrics along 
the main branch of the AFS. A first phase of alteration is associated 

with shearing, recorded by internally strained actinolite and elongate 
titanite aligned parallel to foliation planes. b Cessation of deforma-
tion by ~ 114  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 sec-
ond phase of alteration associated with the intrusion of the Sierra 
Atacama diorite. c Two phases of intrusions cut annealed shear zone 
fabrics between ~ 103 and 95 Ma: several small hornblende granodi-
orite bodies within the shear zone and a larger unstrained hornblende 
diorite that cross-cuts the shear zone, altered Sierra Atacama diorite, 
and unaltered Sierra Atacama diorite. d A third phase of alteration is 
marked by the development of an ~ 775-m-long post-kinematic andra-
dite vein through the center of the annealed shear zone at ~ 95 Ma
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monzodiorite (Zentilli 1974; Marschik et al. 1997; Ullrich 
and Clark 1999; Marschik et al. 2003; Marschik and Sollner 
2006; Kreiner 2011; Girardi 2014).

Petrographic textures in the annealed shear zone indi-
cate two phases of alteration assemblage development: 
synkinematic and post-kinematic. The first pulse of alter-
ation is recorded by elongate actinolite, epidote, and titan-
ite aligned with the relict mylonitic fabric in the Sierra 
Chicharra shear zone. It is possible that these phases 
are pseudomorphs after elongated phases present in the 
original mylonitized mineral assemblage; however, we 
interpret alteration to be synkinematic based on textures 
indicating deformation and annealing of alteration miner-
als, including undulatory extinction in actinolite, which 
records intracrystalline strain during ongoing deforma-
tion. Large, blocky plagioclase with relatively albitic 
compositions (average 23–28% An) pinned between or 
enveloping compositional bands that define the annealed 

mylonitic fabrics represents a second phase of alteration 
within the study area. The lack of undulatory extinction 
or internal strain within albitic plagioclase, presence of 
Na-Ca minerals within the altered domain of the Sierra 
Atacama diorite, disturbance of zircon U–Pb dates, and 
shifts in whole-rock geochemistry including the increase 
in Na2O and CaO and loss of FeO* and K2O indicate 
extensive sodic-calcic alteration along the western margin 
of the Sierra Atacama diorite associated with the intru-
sion of Copiapó batholith-related magmas. Similar altera-
tion of a mylonite zone associated with the AFS is docu-
mented at Cerro Negro Norte and Cerro Iman, ~ 40 km 
and ~ 22 km north of the studied area (Raab 2001). Many 
plutons from this magmatic phase were constructed by 
multiple phases of intrusion resulting in significant inter-
nal zonation (e.g., Rodríguez et al. 2019), and the pos-
sibility remains that the altered western margin and unal-
tered exposure of the Sierra Atacama diorite may have 
had significantly different unaltered compositions.

Formation of the unaltered, undeformed andradite 
vein documents a third pulse of hydrothermal fluid flow 
at ~ 95 Ma (Fig. 12). It is further possible that some of 
the alteration within the Sierra Atacama diorite is coeval 
with this third phase of fluid flow. The vein shares many 
characteristics with Punta del Cobre IOCG deposits, 
including carbonate-associated veins hosted in dioritic 
plutons in the Jesús María, Ojancos Viejo, and Ojancos 
Nuevo districts (Kreiner 2011) and mineralized andradite-
bearing assemblages at Alcaparrosa, Atacama Kozan, and 
Candelaria (e.g., del Real et al. 2018). Prograde garnet 
dominates at IOCG deposits such as San Antonio (Fréraut 
and Cuadra 1994) and is paragenetically equivalent to 
potassium feldspar + albite + quartz and biotite + magnet-
ite assemblages in contiguous andesitic volcanic rocks at 
Panulcillo at the southern end of the Chilean Iron Belt 
(Hopper and Correa 2000). The andradite vein devel-
oped ~ 20 Myr after the economically important ~ 115 Ma 
mineralization event in the Punta del Cobre district based 
on cross-cutting relationships and geochronology of intru-
sive phases, but possibly at the same time as the latest 
minor magmatism in the area. Copiapó batholith magma-
tism continued until ~ 97 Ma, and potential sources for the 
magmatic-hydrothermal fluids include the ~ 98 Ma hypa-
byssal hornblende clinopyroxene diorite (Arévalo 2005a, 
b) or ~ 110–99 Ma Sierra Pajas Blancas intrusions (Jara 
et al. 2021a) mapped ~ 5 km to the north.

Composition and temperature of hydrothermal 
fluids recorded by the andradite vein

In contrast with the pervasive alteration throughout the 
shear zone, the andradite vein has sharp contacts with 
the wall rock which indicates focused fluid flow along an 
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Fig. 13   a Histogram showing the angle between the shear zone 
boundary and mylonitic foliation. b Block diagram showing the spa-
tial distribution of kinematic indicators in the shear zone. Shear sense 
indicators on the top surface are shown in Fig. 5a, shear sense indica-
tors on the vertical surface are shown in Fig. 5b, and the orientation 
of the foliation and lineations are taken from Fig. 5d. Arrows show 
shear needed to produce these kinematic indicators, documenting an 
overall transpressional setting
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opening-mode conduit that may have been a result of high 
fluid pressures as hydrothermal fluids exsolved from an 
underlying pluton. This suggests that the isotopic signatures 
of the andradite vein have the lowest degrees of contamina-
tion with wall rock and can yield insights into the fluids 
responsible for hydrothermal alteration. The garnet value 
of + 5.4‰ and calculated range of hydrothermal fluid com-
positions (δ18O > + 8.5‰) indicate formation in a system 
dominated by fluids in equilibrium with a magmatic source 
(ESM Supplementary Data 6). These trends support recent 
work by Tornos et al. (2020) suggesting hydrothermal fluids 
sourced from residual melts enriched in Ca, Mg, Si, and Ti, 
and volatiles are responsible for the development of regional 
alkali-calcic alteration assemblages.

Petrographic textures indicate that garnet was the first 
mineral to crystallize, followed by epidote, quartz, and cal-
cite. We note that the measured oxygen isotope ratios of 
quartz (+ 11.1‰) are close to the range documented for 
main-stage mineralization at Candelaria (+ 11.2 to + 12.6‰ 
quartz oxygen isotope ratios; Marschik et al. 2000). Fluid 
inclusions from Candelaria homogenize at 370–440 °C 
(Marschik et al. 2000). Stable isotope thermometry of the 
quartz-epidote pair in the andradite vein cutting the Sierra 
Chicharra shear zone suggests crystallization in equilibrium 
with + 4.3 to + 5.1‰ δ18O fluids at ~ 290–320 °C, below the 
fluid inclusion homogenization temperature at Candelaria. 
The calculated composition of the hydrothermal fluid from 
which quartz precipitated is more depleted in 18O by com-
parison with garnet values, indicating quartz formed at lower 
temperatures. Depletion in 18O could reflect a progressive 
influx of cooler meteoric fluid with time as the magmatically 
driven hydrothermal system collapsed.

Magmatically driven IOCG‑related alteration 
during regional transpressional deformation

Marschik and Fontboté (2001a), Chen et al. (2013), and 
Richards et al. (2017) proposed that IOCG and IOA deposits 
of northern Chile and southern Peru formed during a period 
of relatively mafic (gabbrodioritic to dioritic) arc magma-
tism related to a phase of transtensional tectonism. Our 
observations, set in the context of previous work, support 
the spatial and temporal link between regional sodic-calcic 
alteration in the Punta del Cobre district and the transition to 
relatively mafic, K-rich ferroan Copiapó batholith magma-
tism following typical calc-alkaline Coastal Cordillera arc 
magmatism. Globally, links between IOCG mineralization 
and K-rich mafic magmatism are also proposed at the Norr-
botten district of Sweden (Martinsson et al. 2016), Alemão 
deposit of Brazil (Perelló et al. 2023), Great Bear magmatic 
zone of Canada (Ootes et al. 2017), and Gawler Craton of 
Australia (e.g., Budd and Skirrow (2007)).

Repeated pulses of sodic-calcic alteration associated with 
the intrusion of Copiapó batholith plutons have been docu-
mented across the Punta del Cobre district, with each intru-
sion producing its own hydrothermal system (e.g., Kreiner 
2011). Regionally, sodic-calcic alteration developed at 
shallow crustal levels (≤ 4–6 km) and occurs both along the 
margins of plutons and along major structures (e.g., Kreiner 
2011; Barton et al. 2013). The volumetrically most impor-
tant stage of hydrothermal alteration along the Sierra Chich-
arra shear zone was due to fluids exsolved from or fluid 
circulation associated with the ~ 114 Ma Sierra Atacama 
diorite of the Copiapó batholith. Sodic-calcic alteration 
along the Sierra Chicharra shear zone matches district-scale 
alteration with pervasive, texturally destructive replacement 
of igneous host rocks by fine- to medium-grained albite, 
actinolite or diopside, magnetite, and hydrothermal titanite 
with local rutile cores (e.g., Camus 1980; Ryan et al. 1995; 
Marschik and Fontboté 2001a; Barton et al. 2005, 2011; 
Kreiner 2011). The temperatures and stable isotope com-
positions of the hydrothermal fluids in the Sierra Chicharra 
shear zone match those forming the IOCG mineralization. 
The andradite vein displays textures supporting a low degree 
of fluid/rock interaction and formation in an open conduit 
as a result of high fluid pressures. Focused alteration of the 
shear zone and adjoining marginal parts of the cross-cutting 
Sierra Atacama diorite indicates fluids exploited the strong 
subvertical anisotropy of foliation planes along the tran-
scrustal AFS (e.g., Tornos et al. 2020) in addition to pluton 
margins as fluid pathways to facilitate the rapid ascent to 
shallow depths.

Ductile deformation in the Copiapó region is localized at 
the margins of Early Cretaceous plutons, as is seen along the 
El Salado segment to the north (e.g., Seymour et al. 2020). A 
notable difference between the Sierra Chicharra shear zone 
in this study compared to elsewhere along the El Salado 
segment is the distinct lack of brittle faults overprinting 
mylonitic fabrics. We attribute the lack of brittle faulting to 
protracted magmatism in this area compared to the rest of 
the El Salado segment. The Copiapó batholith represents the 
largest area of magmatic rocks along the AFS that intruded 
after ~ 120 Ma (Fig. 2) (Arévalo 2005a; Jara et al. 2021a, this 
work). The continued intrusion of magmatic bodies main-
tained elevated geothermal gradients in this area beyond the 
end of slip along the El Salado segment (e.g., Seymour et al. 
2020). Annealing of mylonitic fabrics and coarse grain sizes 
of secondary plagioclase formed during alteration indicates 
high temperature, magmatically derived fluid flow both out-
lived and post-dated deformation. Although Sierra Chicharra 
shear zone activity between ~ 122 and 114 Ma is coeval with 
alteration and mineralization in the Punta del Cobre dis-
trict, the hydrothermal fluids in the shear zone experienced 
a much higher degree of wallrock interaction by percolating 
pervasively along the ~ 200–300-m-wide shear zone. The 
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more dispersed flow along the transcrustal fluid pathways 
may have prevented the formation of an economic deposit.

The overall patterns of AFS-related sinistral displacement 
are consistent with a uniform Early Cretaceous SE-directed 
oblique convergence vector that imparted a NW–SE compo-
nent of shortening across the N-striking Peru–Chile trench 
accommodated within the Coastal Cordillera (Fig.  14). 
Within this overall setting, the varying orientations of fault 
branches relative to the convergence vector produce either 
transtension, lateral motion without significant extension or 
compression, or transpression. NNW- to NW-striking struc-
tures at the northern end of the Paposo segment (Cembrano 
et al. 2005; Veloso et al. 2015; Masoch et al. 2021) accom-
modate sinistral transtension. 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 dom-
inates and with no evidence for widespread transpression 
nor transtension (Seymour et al. 2021). Where the major 
faults shift to in orientation to NNE and NE strikes along 
the southern end of the Paposo segment, mylonitic fabrics 
record shear zone-perpendicular flattening and oblique sin-
istral-reverse shear in a transpressional strain field (Ruthven 
et al. 2019). The patterns and timing of strain in the Sierra 
Chicharra shear zone are consistent with sinistral transpres-
sion overlapping with the formation of IOCG deposits in the 
adjacent Punta del Cobre district.

The distribution of deposit types along the AFS also 
shows a broad correlation with the orientation of the major 
structures: IOCG deposits are concentrated along the N-S 
striking segment of the El Salado segment whereas IOA and 
porphyry deposits are concentrated along the NE-striking 
segment (Fig. 14). While some northern Chilean IOCG 
deposits along the AFS are hosted along locally extensional 
structures such as extensional duplexes (Cerro Negro Norte, 
Dominga, Elgueta et al. 1990; Raab 2001; Veloso et al. 
2017) or transtensional stepovers (Mantoverde, Vila et al. 
1996; Rieger et al. 2010), our observations in the Copiapó 
area do not support the development of these hydrother-
mal systems in an overall transtensional tectonic regime. 
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This study instead documents transpression across the AFS 
between ~ 122 and 114 Ma, which overlaps with the late 
stages of deformation along the AFS (Ruthven et al. 2019; 
Seymour et al. 2020). The orientation of the AFS shifts 
from N-S striking to NE striking at the latitude of Copiapó 
and corresponds with a regional shift from purely sinistral 
strike-slip motion to sinistral transpression. Transpression 
across the AFS also corroborates recent work showing main-
stage mineralization at ~ 122–115 Ma during transpression 
along in the Candelaria-Punta del Cobre district (de Real 
et al. 2018, 2023), development of IOCG-related veins dur-
ing transpressional reactivation of the El Tofo fault system 
at ~ 121 Ma (Creixell et al. 2011, 2020), and precipitation of 
copper ores under a transpressional regime at the Dominga 
Fe-Cu deposit at the southern end of the El Salado segment 
(Heuser et al. 2020).

The development of IOCG-related mineralization dur-
ing crustal shortening is also documented in the Norrbot-
ten IOA-IOCG province of northern Sweden, where early 
extensional structures accommodated the development of 
IOA deposits and IOCG mineralization followed during a 
temporally distinct phase of basin inversion and shortening 
(Andersson et al. 2021). Similarly, IOCG mineralization at 
Alemão in the Igarapé Bahia camp of Brazil is interpreted to 
have occurred during or immediately following basin inver-
sion of the Carajas basin in the Amazon craton (Perelló et al. 
2023). Across the Andean IOCG clan, Chen et al. (2013) 
document a major IOCG mineralization synchronous with 
basin inversion. These findings collectively suggest that 
while local extensional to transtensional structures may be 
important during the early stages of IOA-IOCG deposit for-
mation from magmatically derived hydrothermal fluids (e.g., 
Barra et al. 2017), a regional extensional or transtensional 
regime is not required for IOCG mineralization and shorten-
ing or transpression may dominate at a district scale.

Conclusions

Our results document the timing of magmatism, Atacama 
fault system deformation, and sodic-calcic alteration and 
related IOCG mineralization in the Punta del Cobre district 
near Copiapó, Chile. Intrusion of the ~ 122 Ma Sierra Chich-
arra quartz diorite of the Coastal Cordillera arc is associated 
with the development of the ~ 200–300-m-wide NW-dipping 
sinistral Sierra Chicharra shear zone that defines the AFS, as 
documented by a progression from magmatic fabrics within 
the pluton to protomylonitic and ultramylonitic fabrics. The 
geometry and kinematics indicate ductile shear occurred 
in a sinistral transpressional regime. Deformation ceased 
by ~ 114 Ma, documented by the intrusion of the unstrained 
Sierra Atacama diorite of the Copiapó batholith that cuts 

all mylonitic fabrics. Two phases of intrusions cut annealed 
shear zone fabrics: several small hornblende granodiorite 
bodies within the shear zone and a larger unstrained horn-
blende diorite that intrudes both the shear zone and the 
unstrained Sierra Atacama diorite. These and other plutons 
comprise the Early Cretaceous (119–97 Ma) Copiapó batho-
lith, a pulse of more mafic, high-K ferroan magmatism that 
outlasted more typical calc-alkaline Coastal Cordillera mag-
matism documented elsewhere along the northern El Salado 
segment of the AFS. Continuation of magmatism into the 
latest Albian near Copiapó kept temperatures at exposed lev-
els above the brittle-plastic transition during AFS shear and 
prevented the development of a major brittle fault.

The Sierra Chicharra shear zone served as a potentially 
transcrustal pathway for hydrothermal fluids which gave 
rise to sodic-calcic alteration over several intervals in the 
Cretaceous. An initial phase (126–122 Ma to > 114 Ma) of 
alteration is associated with the synkinematic intrusion and 
mylonitization of the eastern margin of the Sierra Chich-
arra quartz diorite during the final phases of AFS-related 
transpressional deformation as the plate motion vector 
shifted from southeast directed to east–west directed. The 
Sierra Chicharra shear zone is cut by the unstrained Sierra 
Atacama diorite. Synkinematic hydrothermal alteration is 
recorded by internally strained actinolite and elongate titan-
ite aligned parallel to foliation planes. A second phase of 
hydrothermal alteration overprinted the Sierra Chicharra 
shear zone beginning at ~114 Ma. This post-kinematic event 
is associated with the intrusion of the Sierra Atacama diorite 
during the early stages of Copiapó batholith magmatism and 
corresponds to a transition to more orthogonal shortening 
across the convergent margin. This phase is volumetrically 
the most important and is recorded by annealing of mylonitic 
fabrics defined by sodic-calcic alteration assemblages in the 
shear zone and by secondary plagioclase and sodic-calcic 
alteration near the western margin of the unstrained diorite. 
This alteration occurred before intrusion of the unaltered 
hornblende granodiorite intrusions during the latest phases 
of Copiapó batholith magmatism at ~ 103 Ma. Finally, the 
development of an ~ 775-m-long post-kinematic andradite 
vein through the center of the annealed shear zone marks a 
pulse of magmatic-hydrothermal fluid at ~ 95 Ma possibly 
also associated with the last phases of magmatism in the 
batholith. All phases of alteration were formed from fluids 
that are likely equivalent to those responsible for IOCG min-
eralization of the Punta del Cobre district and related sodic-
calcic alteration assemblages in the deep, peripheral zones 
of the district. Notably, mineralization-related hydrothermal 
fluid flow utilized the prominent steeply dipping mylonitic 
fabrics of the shear zone in lieu of a brittle fault, leading to 
pervasive and dispersed hydrothermal activity such that it 
did not result in the development of an economic deposit 
along the AFS studied.
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In the context of previous studies of the tectonic regime 
of both the AFS as a whole and northern Chilean depos-
its in particular, this work contributes to the growing rec-
ognition that an extensional or transtensional tectonic 
regime is not required for the formation of IOCG depos-
its. Instead, the IOCG-related alteration hosted along the 
Sierra Chicharra shear zone, Punta del Cobre district, and 
other districts between 27.4° S and 30° S occurs along an 
overall NE-striking segment of the Atacama fault system. 
Over the time period when the Sierra Chicharra shear zone 
was actively deforming with sinistral transpressional strain 
(~ 122–114 Ma), IOCG mineralization was occurring in the 
adjacent Punta del Cobre district (~ 122–115 Ma), and the 
northern Chilean margin was entering the latest stages of 
SE-directed oblique convergence before transitioning to 
more E-W directed orthogonal convergence.
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