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Abstract The Andean margin of Central Chile (~32°40'-34°30’S) records abundant Cenozoic arc
magmatic activity with variable compositional characteristics. This is examined through the analysis of an
extensive database of new and published whole-rock geochemistry and Sr-Nd isotopic compositions, in addition
to zircon Hf and O isotopic compositions. The whole-rock data record an increasing assimilation of continental
crust material that developed through the compressional regime set in the margin in the Early Miocene that led
to the construction of the modern Andes. The same is recorded by the Hf and O isotopic compositions, but these
also allow identification of components involved in the magma genesis: (a) the sub arc mantle derived primary
magmas, (b) a late Paleozoic—Early Triassic crystalline component, as that currently outcropping immediately
to the east of the study area, (c) a deep enriched component, which likely corresponds to the Cuyania terrane, a
Grenville age basement recognized further east in this Andean region, and (d) a deep juvenile low-5'%0
component, interpreted here as basement with oceanic crust affinities. This latter component reveals a possible
composite nature for the Chilenia terrane, the postulated Grenville age basement in the region. The Cenozoic
Andean arc magmas correspond to the differentiated products of an extensive intra-crustal re-working, taking
place along tens of kilometers below their emplacement level, and whose main imprint is on the magmatic
isotopic composition. Our results document the role of the continental crust, particularly regarding its evolving
architecture and constitution, over the composition of arc magmas.

Plain Language Summary The western Andes cordillera in Central Chile (~32°40'-34°30'S) is
composed of abundant igneous rocks derived from magmatic processes related to subduction from ~43 Ma to
present. These rocks show variable compositional characteristics according to their location and age, which can
be used as a tool for unraveling the evolution of the associated magmas in their transit from the mantle through
the overlying crust to sub- surficial levels (<5 km). The results from this work show that these magmas are
sourced mainly from the mantle, yet their original composition is strongly modified by their interaction with
materials from the crust throughout their ascension. Three major crustal domains of different compositions have
been identified, which are inherited from an earlier evolution of the region prior to the formation of the Andes
cordillera. The studied Andean igneous rocks document the major role of the continental crust in modulating the
composition of magmas in these settings.

1. Introduction

Continental arc magmas are chemical systems derived from multi-stage and multi-component processes. They
originally form from the melting of the subduction-modified subcontinental mantle, but upon reaching the
overlying crust diverse contaminants can variably modify their primary composition. It is problematic to resolve
crustal and subcrustal magmatic arc components. Principally, because crustal contaminants can be incorporated
both in the asthenospheric source and in the crust itself, in addition to the large compositional diversity hosted in a
continental crust reservoir. In a wider frame, this blurs our ability to use arc magmas as proxies for the major
tectonic processes that determine the composition of the subarc mantle and the continental crust, and their
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variations in time. Such is the case for the Cenozoic arc magmatism of southwestern South America, where a
long-standing debate on magmatic arc sources is ongoing. Focusing on the currently active Andean volcanic arc,
the outstanding early works of Hildreth & Moorbath (1988) and Stern (1991a) initiated the grounds for the debate,
each putting forward contrasting hypotheses about crustal versus subcrustal incorporation of crustal material in
the genesis of Andean magmas in thickened orogen areas (see also Hildreth & Moorbath, 1991; Stern, 1991b).
Hildreth and Moorbath (1988) argued for a dominant crustal control conceptualized in the MASH model (melting,
assimilation, storage, homogenization). In this model, asthenospheric-derived primary magmas ascend until
reaching a MASH zone at the base of the overlying crust, a domain where they stall and compositionally ho-
mogenize. They then continue to ascend carrying the imprint of these base-level isotopic and chemical charac-
teristics. In contrast, for mostly the same area, Stern (1991a) postulated a subcrustal control via subduction
erosion. In this model, the scrapping off of the continental crust by the subducting oceanic lithosphere would be
responsible for the incorporation of crustal material in the asthenospheric source and, therefore, for the crustal
signal carried by the ascending arc magmas. These hypotheses have endured as two contrasting models to explain
the composition of arc rocks.

A key area for such discussion is the northern segment of the Andean Southern Volcanic Zone, also called the
Northern Southern Volcanic Zone (NSVZ; see Stern et al., 2007 for reviews). This corresponds to the currently
active arc that distributes along the central Chile-Argentina Andean drainage divide, between ~33° and 34°30’S
(Figures la and 1b), and the volcanic products show compositional characteristics indicating an important
incorporation of crustal material (e.g., Hildreth & Moorbath, 1988; Hickey-Vargas, Holbik, et al., 2016;
Stern, 1991a; Stern et al., 2007). In this area, the arc overlays a ~50-60 km thick crust (Figure 1c; Hickey-Vargas,
Holbik, et al., 2016; Tassara et al., 2006), mostly old late Paleozoic-Early Triassic basement as a potential
contaminant is exposed both near the arc region and along the coast (Figure 1b), and evidence for subduction
erosion processes along the margin have been presented for Neogene times (Kay et al., 2005). The debate about
crustal versus subcrustal controls over NSVZ compositions has, in addition, extended to and nourished from
considering the protracted history of Cenozoic magmatism in the region (Kay et al., 2005; Mufioz et al., 2013;
Stern, 1989, 2020; Stern & Skewes, 1995; Stern, Skewes, & Arévalo, 2011; Stern et al., 2019), of which the
current arc is only the latest episode. This magmatism was initially framed by an Oligocene-Early Miocene
extensional event, characterized by an intra-arc rift system developed over a thin crust (~35 km; Charrier
et al., 2002, 2007; Nystrom et al., 2003; Kay et al., 2005). The system was then inverted in the Early Miocene
under a compressional regime, active until today and responsible for the constructional processes of the modern
Andes in the region (e.g., Farias et al., 2010; Giambiagi & Ramos, 2002). Arc igneous rocks accompanying this
evolution show compositional variations marked by an increasing crustal signal, yet the relative crustal versus
subcrustal control on such variations remains debated (Kay et al., 2005; Mufioz et al., 2013; Nystrom et al., 2003;
Stern, 2020; Stern et al., 2019).

In this work, we address the crustal versus subcrustal control on arc magmas in the Cenozoic arc of Central Chile,
between ~32°40'-34°30’S (Figure 1). We base our study on new and published: (a) whole-rock geochemistry and
Nd and Sr isotopic composition, (b) Hf and O isotopic composition mostly from single zircon crystal analyses,
and (c) radiometric ages. The results allow us to identify four major components involved in the arc magma
genesis, to resolve to a significant extent the different crustal versus subcrustal sources, and to track source
dynamic variations linked to the continental margin evolution during the Cenozoic.

2. Geological Background

The Chilean Andes margin corresponds to a continental margin setting characterized, in most of its length, by the
eastward subduction of the Nazca oceanic plate underneath the South America continental plate (Figure 1a). Such
a process occurs with a convergence rate of ~7 cm/yr, an obliquity of ~20° (Somoza & Ghidella, 2005), and a
subduction dip angle of ~27°; excepting a flat slab subduction segment (27°-33°S; Pardo et al., 2002). The
study area is in Central Chile between ~32°40'-34°30’S, in the northern part of the Southern Central Andes
(~33°-46°S), where the margin is composed of several NS-trending geological units (Figure 1b). The coastal
region mostly exposes Paleozoic plutonic rocks, grouped as the Coastal Batholith, and subordinate Mesozoic
plutonic rocks and metasedimentary units. These are flanked to the east by Jurassic-Cretaceous intrusive rocks
and stratified sequences that comprise the Coastal Cordillera. The Central Depression develops between the latter
and the western main Andes Cordillera and accumulates Pliocene-Quaternary sedimentary fill. The main Andes
Cordillera is a doubly vergent deformed and uplifted area and, from west to east, is composed of (Figure 1b):
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Figure 1. Main tectonic and geologic features of the Andean margin of central Chile-Argentina. (a) Map displaying the tectonic configuration of the margin regarding
characteristics of the plate convergence (in blue) and the distribution of the main morphostructures (areas in grayscale), Holocene volcanic centers, the different terranes
accreted to western Gondwana during the Paleozoic (in red; Ramos, 2004), and ophiolitic units in westernmost Argentina (in yellow; Boedo et al., 2016). The study area
lies within the black rectangle indicated as Figure 2. (b) Simplified regional geologic map of the Andean margin where the study area is located (black rectangle).
Compiled from Thiele (1980), Sernageomin (2003), Farias et al. (2010), Ramos et al. (2010), and Lavandaio et al. (2023). (c) Structural cross-section of the Andean
margin at 33°S highlighting the crustal architecture and major units composing the basement in the region as proposed by Ramos (2004).

(a) Western Principal Cordillera, a fault-bounded block of Eocene to Miocene series composed of up to ~5,500 m
thick igneous and minor sedimentary rocks; (b) Eastern Principal Cordillera, a series of sedimentary and minor
volcanic Mesozoic series that are involved in east vergent thin- and thick-skinned fold and thrust belts near the
Chilean-Argentinean border; (c) Frontal Cordillera, in westernmost Argentina, a thick eastwardly thrusted block
of upper Paleozoic-Triassic crystalline rocks in addition to subordinate Paleozoic metasedimentary units and
Neoproterozoic metamorphic units which include ophiolitic sequences. The margin configuration is completed to
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the east by the Andean foreland in Argentina and the currently active volcanic arc distributed along the Eastern
Principal Cordillera (Figure 1b).

The Cenozoic evolution of Central Chile is well documented by the continental and mainly volcanic series
exposed in the eastern portion of the Central Depression and the Western Principal Cordillera, in addition to
numerous intrusive units in those areas and also in the Eastern Principal Cordillera (Figures 1b and 2). Along with
the Quaternary volcanic deposits, these units constitute an almost continuous arc record from the middle Eocene
to the present. The early stage is dominated by an extensional regime represented in an at least ~1,000 km long
margin parallel rift system known as the Abanico basin (e.g., Charrier et al., 2002). More than 3,000 m of volcanic
and subordinated sedimentary continental deposits accumulated in this system in an intra arc setting over a
~35 km thick crust (e.g., Charrier et al., 2002, 2007; Kay et al., 2005; Nystrom et al., 2003). The great thickness of
those deposits in addition to the high heat flow conditions prompted the widespread development of low-grade
metamorphism in the basin (e.g., Aguirre et al., 2000; Fuentes, 2004; Mufioz et al., 2010). In the study region, the
extensional episode extended from at least the middle Eocene to Oligocene times (e.g., Charrier et al., 2002, 2007,
Kay et al., 2005; Muifioz-Gémez, Fuentes, et al., 2020; Muiioz et al., 2006; Nystrom et al., 2003) and the
maximum crustal thinning in the basin was recorded in the middle Oligocene (Muifioz-Gémez, Fuentes,
et al., 2020). A contractional regime occurred in the margin in the Early Miocene and was responsible for the
basin inversion and the shortening, thickening and uplifting processes leading to the construction of the modern
Andes cordillera (e.g., Charrier et al., 2002, 2007; Farfas et al., 2010; Fock et al., 2006; Giambiagi &
Ramos, 2002; Jara & Charrier, 2014; Kay et al., 2005; Nystrom et al., 2003). This stage was also characterized by
a progressive eastward migration of both the volcanic arc loci, whose current position is nearly 80 km eastwards
from the Oligocene frontal arc deposits, and the deformation. The current crustal thickness in the region reaches
up to ~60 km under the mountain range axis, which hosts the active NSVZ arc, and up to ~50 km under the
Western Principal Cordillera (Figure 1c; Tassara et al., 2006). The latter value therefore records at least ~15 km of
crustal thickening since the development of the Abanico basin stage in that area. Throughout the described
evolution, in the Late Miocene, the Western Principal Cordillera area also hosted formation of giant porphyry Cu-
Mo deposits, among which El Teniente and Rio Blanco—Los Bronces stand out as among the most highly
endowed deposits in the world (e.g., Camus, 2003; Sillitoe, 2010; see locations in Figure 2).

The arc igneous rocks of the Andean margin show important variations throughout the Cenozoic, which constitute
fundamental tools in tracking the geologic evolution of the region. The earliest record is scarce and only rep-
resented by the middle Eocene Estratos del Cordén de los Ratones Unit (ECLR; Figure 2), a 450 m thick mainly
volcanic series hosting numerous coeval subvolcanic intrusions (Fock, 2005; Muifloz-Gémez, Fuentes,
et al., 2020; Sellés & Gana, 2001). This unit is a bimodal arc suite, with calc-alkaline affinities, juvenile isotopic
signatures, and compositional characteristics that indicate a thicker crust (~35-45 km) with respect to that
recorded by the ensuing Oligocene magmas (Mufioz-Gomez, Fuentes, et al., 2020). In a wider context, the ECLR
is a unit that marks the change from the preceding neutral tectonic conditions, recorded in the region from the
latest Cretaceous to mid-Eocene (e.g., Balgord, 2016; Horton & Fuentes, 2016), and the subsequent Oligocene
extension (Mufioz-Gémez, Fuentes, et al., 2020). The following period, to present, is widely and well represented
by numerous units present in the region. The continental and mainly volcanic series grouped in the Abanico
Formation (late Eocene—earliest Miocene; ~3,000 m thick) and the Farellones Formation (Early Miocene;
~2,500 m thick; Figure 2; Thiele, 1980), respectively record the development of an extensional regime followed
by a compression. This record is complemented with numerous dispersed Cenozoic intrusive units (Figure 2).
Igneous products of the Abanico Formation show a high proportion of undifferentiated and unfractionated
compositions, tholeiitic to calk-alkaline affinities, and juvenile isotopic signatures (e.g., Fuentes, 2004; Kay
et al., 2005; Nystrom et al., 2003; Sellés, 1999). In turn, for the Farellones Formation a progressive change in
these characteristics is observed with an increasingly stronger crustal signature, namely a higher proportion of
differentiated and fractionated compositions, stronger calk-alkaline affinities and more enriched isotopic com-
positions (e.g., Fuentes, 2004; Kay et al., 2005; Nystrom et al., 2003; Sellés, 1999). Subsequently, the stronger
crustal signature variably increases to present as evidenced by the later Late Miocene to Pleistocene intrusives and
dispersed volcanic deposits and the current NSVZ deposits (Kay et al., 2005). In addition to these changes, the arc
evolution also shows a waning of volcanic activity, with decreases in both the volume and area extent of the
associated deposits after the Oligocene (Abanico Formation; Figure 2).
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3. Methods

This study is based on field and analytical work that our research group has developed for more than a decade in
Cenozoic units of the Central Chile region. The data presented and analytical methods are included in the
Supporting Information S1 and can also be accessed through an online repository (see below the Open Research
section). The data include a variety of geochemical, isotopic and radiometric determinations performed in igneous
intrusive and extrusive rocks. Detailed analytical methods are presented in the Text S1 in Supporting
Information S1.

A total of 23 whole-rock geochemical analyses by ICP-AES (major elements) and ICP-MS (trace elements) were
performed at the Departamento de Geologia—Universidad de Chile and the Laboratoire des Mécanismes et
Transferts en Géologie, Université Paul Sabatier, respectively (Table S1 in Supporting Information S1). For 21 of
these samples whole-rock Sr-Nd isotopic composition by ICP-MC-MS was performed at the latter facility (Table
S1 in Supporting Information S1). Analyses in zircon crystals for U-Pb ages, and Hf and O isotopic compositions
were performed in several samples at different facilities. A total of 15 samples were analyzed at the Research
School of Earth Sciences—Australian National University for coupled U-Pb ages by SHRIMP (Table S2 in
Supporting Information S1) and O and Hf isotope composition, respectively, by SHRIMP (Table S3 in Sup-
porting Information S1) and LA-ICP-MS (Table S4 in Supporting Information S1). For completing previously
published determinations from the same facility (Muiloz et al., 2013; Mufioz-Gémez, Fuentes, et al., 2020), 1 Hf
and 6 O isotope analyses by the same methods were performed in addition (Tables S3 and S4 in Supporting
Information S1). Hf isotopic composition was also analyzed at the Centro de Geociencias—Universidad
Auténoma de México in 3 samples with previously published U-Pb ages from the same facility (Mufioz-
Goémez, Fuentes, et al., 2020; Table S5 in Supporting Information S1). We also present 7 new **Ar-*Ar
radiometric ages in mineral concentrates (plagioclase, biotite, amphibole; Table S6 in Supporting Information S1)
performed at the Oregon State University (Corvallis).

As will be presented and discussed in the following sections, U-Pb ages in single zircon crystals have revealed the
presence of inherited material in several igneous units of the Cenozoic Andean arc. Such material shows mainly
late Paleozoic-Early Triassic ages, subordinated Cenozoic ages, and scarce Mesozoic ages (Muiioz et al., 2013;
this work). To evaluate its role in contaminating Cenozoic arc magmas, we have used the U-Pb data coupled with
the Hf and O isotopic compositions. In the case of the O data, this is made by directly using the 8'%0,, values, but
in the case of the Hf isotopic data, a recalculation of the zircon EHf values is needed. The latter follows from
considering time corrections and zircon Hf isotope systematics. Regarding time corrections, as the rocks studied
are Cenozoic in age, the use of present values for the Hf isotopic composition is a reasonable approximation at the
time of contamination. There is a negligible time correction for the initial Hf isotopic composition due to the
minimal decay of '7®Lu into '””Hf (Soderlund et al., 2004). Regarding the zircon Hf isotope systematics, as at the
time of crystallization this mineral phase will incorporate almost no Lu its '"Hf/'’"Hf will remain nearly un-
changed in time (Figure 3). However, the whole rock Hf isotopic composition, which is the actual contaminant of
interest, will follow a path of increasing '7*Hf/'”"Hf depending on the Lu concentration (Figure 3). Taking these
considerations into account, in order to estimate the Hf isotopic signature of such rock contaminants projected at
the time of contamination, we have defined the parameter EHfC. This is a standard calculation of the EHFf
parameter on a forward projection to today from initial zircon !"®Hf/!””Hf values using a Bulk Earth "SLu/'""Hf
of 0.015, the latter as representative of the whole rock system (Figure 3; Goodge & Vervoort, 2006).

Figure 2. Distribution of the sampling sites that provided the chemical and isotopic databases discussed in the main text over the geological map of the study area.
Particular units signaled in the maps correspond to (1) Estratos del Cordén de Los Ratones (ECLR), (2) La Obra pluton and (3) Manquehue stock. Morphostructural
units correspond to CC: Coastal Cordillera, CD: Central Depression, WPC: Western Principal Cordillera, EPC: Eastern Principal Cordillera, FC: Frontal Cordillera.
Porphyry Cu-Mo deposits correspond to RB-LB: Rio Blanco—Los Bronces, ET: El Teniente, RR: Rosario de Rengo. LOI: loss on ignition. Base geology was compiled
from Thiele (1980), Sernageomin (2003), Farias et al. (2010), and Lavandaio et al. (2023). Geochemical data taken from the following studies: (i) Eocene to early
Pleistocene rocks from Stern & Skewes (1995), Sellés (1999, 2000), Reich (2001), Oliva (2002), Nystrom et al. (2003), Fuentes (2004), Kay et al. (2005), Hollings
et al. (2005), Muiioz et al. (2006), Vidal (2007), Montecinos et al. (2008), Deckart et al. (2010), Stern, Skewes, and Arévalo (2011), Stern, Floody, and Espifieira (2011),
Muiioz-G6émez, Fuentes, et al. (2020), Mufioz-Gémez, Payacan, et al. (2020), and (ii) Late Pleistocene to Holocene rocks (NSVZ) from Stern et al. (1984), Hickey
et al. (1986), Futa and Stern (1988), Hildreth & Moorbath (1988), Stern (1988), Godoy and Hildreth (2001), Sruoga et al. (2005, 2012), Holm et al. (2014), Hickey-
Vargas, Holbik, et al. (2016), and Mufioz-Gémez, Payacan, et al. (2020).
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4. Results
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78] u/"""Hf ~ 0 (2) backward

The new data presented in this work are discussed in the following, integrated
with previously published geochemical and isotopic determinations in
Cenozoic igneous rocks from Central Chile between ~32°40-34°30'S
(Figure 1). These data allow an extensive compositional characterization of
the evolution of a nearly ~150 km long arc segment over the last ~43 Ma
(Figure 2). For the whole-rock analyses, we provide a composite data set of
the new data together with the numerous previous analyses of chemical
composition (582 analyses), Sr isotopic composition (216 analyses) and Nd
isotopic composition (176 analyses; Figure 2; Table S7 in Supporting In-
formation S1; see references for previous analyses in Figure 2). The new

: leul . . . LT

e aton whole-rock data include intrusive and extrusive igneous rocks (see sample

¢ > locations in Figure 2), display a silica range between 51% and 69% and LOI
4 {foday) Time values between 0.4% and 2.0% (Table S1 in Supporting Information S1), and

WR age = Zrc age

show compositional characteristics within those described by the coeval

Figure 3. Schematic illustration of the '"°Hf/'”7Hf isotopic systematics in
zircon (Zrc) and the whole rock containing it (WR). The EHIC parameter
discussed in the main text is calculated from the " Hf/"""Hfy(r = 0)
illustrated in the figure. The latter corresponds to a forward calculation to
today from the initial '7®Hf/'"7Hf, using a ""®Lu/"""Hf of 0.015 as that of
the whole rock system (Bulk Earth value; Goodge & Vervoort, 2006). For
further discussion see Section 3 Methods in the main text.

igneous rocks included in the composite data set (see the following). In order
to accurately consider these rocks in time, new radiometric determinations
were performed for most of them and these provide ages between 0.4 and
23 Ma (Table 1; see sample locations in Figure 2). The new zircon Hf and O
isotopic data presented correspond to igneous intrusive and extrusive rocks,
covering an age range between ~0.4 and 42 Ma. Most of these rocks also have
geochemical determinations from this or previous works. The Hf and O
isotopic data are also assessed in the following sections integrated with
previously published determinations, providing a good spatial coverage for the discussed Cenozoic arc segment
(see sample locations in Figure 2). For the new results, Hf isotopic compositions show a range of '7®Hf/'""Hf
values between 0.282432 and 0.283122, with corresponding EHf values between —12 and +11 and EHf(i) values
between —10 and +12. The O isotopic compositions record a range in 830, between ~+3.3 to +8.2.

5. Discussions of the Integrated Cenozoic Arc Data
5.1. Geochemical and Isotopic Characteristics
5.1.1. Whole-Rock Geochemistry and Sr-Nd Isotopic Composition

The Cenozoic arc rocks show mainly a subalkaline character with a continuous silica range between 47% and 78%
(Figure 4a; all analyses treated in anhydrous basis and filtered for volatiles values lower than 4%). In terms of age
groups, the middle Eocene rocks are notable for displaying a silica gap between 54% and 64%, thus recording a
bimodal suite. As seen in many chemical parameters, there are temporal variations which markedly correlate with
the major tectonic episodes identified in the region. Calc-alkaline affinities are recorded initially in the middle
Eocene (extensional stage initiation), shifting to tholeiitic in the Oligocene-earliest Miocene (extensional stage)
and to calc-alkaline from the Early Miocene onwards (compressional stage). Notably, the last stage also shows
progressively stronger calc-alkaline signatures toward younger units (Figure 4b). The described evolution is also
recorded in parameters such as the FeO contents (total iron; Figures 4c and 5b), in addition to TiO, and MnO (not
shown), which display an increase in the maximum contents from the middle Eocene and through the Oligocene-
earliest Miocene, and then continuously decrease to the present (Figure 5b). In agreement with these variations,
the less evolved arc compositions occur in the Oligocene-earliest Miocene, this is during the extensional stage,
with higher MgO contents at the earliest stages of differentiation (low SiO, contents; Figure 4c). A last char-
acteristic that stands out in major element basis corresponds to variations of SiO, and K,O concentrations in time,
for which Cenozoic arc rocks display variable and similar values within a range throughout the entire time span
considered (Figures 5a and 5c). However, it is evident that minimum concentrations increase progressively to-
ward younger units from the Oligocene-earliest Miocene in the case of SiO, and at least since the Late Miocene
(~8 Ma) in the case of K,O (Figures 5a and 5c). As these elements are incompatible through most of the magmatic
differentiation path, such a pattern indicates that comparatively less evolved/enriched magmas did not reach
upper crustal levels during the last stages of the Cenozoic arc. These stages developed through the compressional
period since the Early Miocene and coincide well with the main uplifting event of the Andes in the region.
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Table 1

Summary of New Radiometric Determinations Presented in This Study

Unit Sample Lithology Location® Age + 26 [Ma]® Method® (system?)
Abanico Fm ETY-03 lapilli tuff 33.667°S-70.344°W 21.34 £ 0.25 U-Pb SHRIMP (Zrc)
Abanico Fm MF-15 lapilli crystalline tuff 33.784°S-70.174°W 20.38 = 0.22 U-Pb SHRIMP (Zrc)
Arriaza stock MLL9 clinopyroxene diorite 34.414°S-70.071°W 1.68 £ 0.04 U-Pb SHRIMP (Zrc)
Blancos de Las Lenas dikes MM16 dacitic dike 34.407°S-70.132°W 12.70 = 0.11 U-Pb SHRIMP (Zrc)
Cachapoal stock MM18 amphibole quartz diorite 34.323°S-70.043°W 12.19 £ 0.11 U-Pb SHRIMP (Zrc)
Cachapoal Stock MM18 amphibole quartz diorite 34.323°S-70.043°W 11.92 + 0.83 “OAr-**Ar SH (P1)
Carlota stock MM3 clinopyroxene diorite 33.855°S-70.331°W 9.90 £ 0.09 U-Pb SHRIMP (Zrc)
Cerro Castillo volcanic series MMS5 orthopyroxene rhyolite 33.986°S-69.911°W ~0.688 + 0.090° U-Pb SHRIMP (Zrc)
Cerro Catedral Stock MM15 biotite granodiorite 34.193°5-70.107°W 3.08 + 0.05 “Ar-*°Ar SH (BY)
Cerro Listado volcanic series MM14 biotite rhyolite 34.264°S-69.910°W 0.434 £+ 0.031 U-Pb SHRIMP (Zrc)
Farellones Fm' (Cerro Minero Lavas) MTI two pyroxene andesite 34.092°S, 70.486°W 7.04 +0.13 YOAr-*Ar SH (PI)
Farellones Fm' (Cerro Minero Lavas) MT2 two pyroxene andesite 34.081°S-70.470°W 8.30 + 0.11 YOAr-*Ar SH (PI)
Estero Crucero Stock MLL3 amphibole monzogranite 34.427°S-70.139°W 9.64 + 0.39 YOAr-¥Ar SH (Amph)
Estero Crucero Stock MM17 amphibole tonalite 34.410°S-70.119°W 9.76 + 0.06 YOAr-Ar SH (Bt)
Farellones Fm SRA-02 lapilli tuff 33.486°S-70.396°W 22.47 + 0.18 U-Pb SHRIMP (Zrc)
Farellones Fm MCh2 two pyroxene dacite 34.235°S-70.518°W 14.12 £ 0.20 “OAr-**Ar SH (P1)
La Huifa stock MT9 amphibole granodiorite 34.052°S-70.323°W 7.21 £0.16 U-Pb SHRIMP (Zrc)
La Obra Batholith MF-08 granodiorite 33.595°S-70.490°W 20.96 + 0.24 U-Pb SHRIMP (Zrc)
Paso Colina stock MM4 amphibole diorite 33.858°S-69.906°W 1.21 = 0.06 U-Pb SHRIMP (Zrc)
San Gabriel Pluton MF-12 granodiorite 33.810°S-70.210°W 12.26 + 0.09 U-Pb SHRIMP (Zrc)
San Gabriel Pluton MF-13 granodiorite 33.810°S-70.209°W 12.19 £ 0.18 U-Pb SHRIMP (Zrc)

3See Figure 2 for sample locations. "Full data given in the Supporting Information S1. “SHRIMP: Sensitive High Resolution Ion Microprobe, SH: Step Heating. “Zrc:
Zircon; Pl: Plagioclase; Bt: Biotite; Amph: Amphibole. “Weighted average that considers the three youngest spot ages in the sample. ‘In the El Teniente area (porphyry
Cu-Mo deposit, ~34°S; see Figure 2), these units have been grouped under the informal unit Teniente Volcanic Complex (e.g., Kay et al., 2005).

According to reconstructions, such an event corresponded to a rapid and high magnitude regional uplift (of
between 1.5 to at least 2.5 km), in response to crustal thickening processes that was completed by ~7-4 Ma, when
the Andes reached the current configuration (Farfas et al., 2008).

The main observations described above in the major element basis agree with those recorded by numerous trace
elements. For compatible elements such as Sc (Figure 5d) and V (not shown) the Cenozoic arc rocks show an
increase in maximum values from the middle Eocene to the Oligocene-earliest Miocene, then decrease contin-
uously from Early Miocene to the present. In turn, for incompatible elements such as Zr, Hf, Ba, Ta, Nb, Th, U,
and the LREE (light rare earth elements), minimum values variably increase from either the Early Miocene or
Late Miocene onwards (for Ba, Th, and La see Figures 5e-5g). In agreement with above, these patterns record a
higher proportion of less evolved rocks during the extensional stage, with a progressive waning of such com-
positions through the compressional stage, in contrast to comparatively more evolved/enriched compositions.
Further, for the elements Th, Rb and the LREE there is an overall increase in maximum values for the same time
span (for Th and La see Figures 5f and 5g). Such characteristics signal, in particular, the more enriched nature of
magmas formed through the compressional stage.

It is important to highlight that the patterns described above do not change significantly when the study is
restricted to less evolved rocks such as basalt and basaltic andesite compositions. This indicates that: (a) the
previous discussions are not biased by an over representation of evolved compositions in specific age ranges, and
(b) the variations described are present from the earliest stages of differentiation that can be traced in these arc
rocks (basalts with SiO, > 47%; Figure 4a).
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Figure 4. Main compositional characteristics of the studied rocks in major elements basis. (a) Volcanic TAS diagram (Le Maitre, 1989) with the Alkaline-Subalkaline
classification after Irvine & Baragar (1971). (b) AFM diagrams with the Tholeiitic—Calc-alkaline subdivision after Irvine & Baragar (1971). (c) Selected Harker

diagrams of FeO; and MgO.

The rocks studied comprise variable numbers of the common major mineral phases: plagioclase, pyroxene,
olivine and amphibole, plus iron oxides. As expected, these have been invoked as the main fractionating phases
through differentiation (see references in Figure 2). In addition, the increasing involvement in the petrogenetic
processes of pressure sensitive minerals, such as garnet and amphibole, from the early stages of differentiation has
also been inferred for the compressional stage (e.g., Fuentes, 2004; Kay et al., 2005; Nystrom et al., 2003). This is
recorded in common geochemical proxies such as La/Yb and Sr/Y ratios, whose values progressively increase
from the Early Miocene (Figures 6b and 6¢) resulting from the combination of several characteristics as follows.
First, the concentrations of Y and the HREE (heavy rare earth elements) systematically decrease during this time
span in the Cenozoic arc rocks (for Y see Figure 5h). In addition, this is accompanied by a significant decrease in
the concentration of those elements, which probably accounts for the increasing involvement of garnet in
particular (Figure 5h). In the case of La/Yb ratios, the values are also controlled by the progressive enrichment
recorded through the Early Miocene and evidenced in the progressive increase in La/Sm ratios (Figure 6d).
Within the evolution tracked by these proxies, two notable anomalies stand out at ~7-5 Ma and at ~18 Ma, when
particularly high Sr/Y and La/Yb ratios (Figures 6b and 6¢) are observed due to low Y and Yb concentrations
(Figure 5h). These anomalies correspond to the presence of adakite-like intrusions at the El Teniente porphyry
Cu-Mo mega deposit (Kay et al., 2005) and among the Manquehue hill stocks (Sellés, 1999; see locations in
Figure 2). Several hypotheses have been proposed to explain these singular magmas within the evolving frame of
the Cenozoic arc. For the El Teniente intrusions, Stern, Skewes, and Arévalo (2011) postulated that such a
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Figure 6. Variation of selected trace element ratios versus time for the studied rocks. (a) Sr/Y, (b) La/YDb, (c) La/Sm, (d) Sm/Yb. Schemes at the bottom of the figure
illustrate the corresponding main tectonic stages and events recorded in the margin at the study area. Gray arrows illustrate the overall increasing/decreasing trends
discussed in the main text. WPC: Western Principal Cordillera. Symbols according to age as in Figure 4.

signature resulted from extensive differentiation in deep large batholithic magma chambers. Later, Mufioz
et al. (2012) invoked the additional participation of magmas derived from dehydration melting at the base of the
thickening crust, a process where the residual mineral assemblages pass from amphibole dominated to garnet
dominated. On the other hand, for the Manquehue intrusives, the involvement of garnet at the base of the crust is
difficult to invoke as presumably such crust would not be thick enough at such an early stage of the compressive
regime. Interestingly, one of the Manquehue intrusives, the sub-volcanic dacitic El Buitre Stock, actually has
magmatic garnet and the preferred genetic explanation of Ojeda (2018) was the differentiation of magmas with
anomalously high water contents (e.g., Rodriguez et al., 2007; Sellés et al., 2004).

Overall, the whole-rock Sr and Nd isotopic compositions recorded by the Cenozoic arc rocks agree with the
compositional variations in time discussed this far. The isotopic signatures evolve from moderately depleted ones
in the middle Eocene, to comparatively more depleted ones in the Oligocene-earliest Miocene, to a progressive
enrichment developed from the Early Miocene onwards (Figure 7a). This evolving path was recognized in earlier
studies of the region (Fuentes, 2004; Kay et al., 2005; Muiioz-G6émez, Fuentes, et al., 2020; Nystrom et al., 1993,
2003) and it was also highlighted that the Sr and Nd isotopic variations are apparently independent of differ-
entiation indexes (Kay et al., 2005). Reinforcing the latter, Kay et al. (2005) showed from simple mixing scenarios
that it was impossible to generate the observed enrichment from the Early Miocene onwards by standard crustal
contamination processes. In those models, the authors showed that to produce an enriched Quaternary arc magma
from an unenriched Oligocene-earliest Miocene one requires an unreasonable amount of contamination from late
Paleozoic-Early Triassic crust (up to 40%—50%). Such contaminant was selected considering the basement that
crops out further east in the region, in the Frontal Cordillera, which in later works has been shown to underlie at
least the Mesozoic swath of outcrops of the Eastern Principal Cordillera (Figures 1 and 2; Muiioz et al., 2013).
Disregarding middle to upper crustal contamination processes as the main cause for the enrichment led to the
consideration that this was controlled by deep processes (Kay et al., 2005). In turn, this opened the debate as to
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whether such control resided deep in the crust, through MASH type processes (Muifioz et al., 2012, 2013), or in the
sub-arc asthenospheric mantle, through source enrichment by subduction erosion of the forearc Paleozoic crust
(Stern, 2020; Stern & Skewes, 1995; Stern et al., 2019).

The apparent lack of correlation noted by previous authors between the Sr-Nd isotopic signature and differen-
tiation indexes is more elusive when considering the composite arc data presented in this work (Figure 7). The Sr
and Nd isotopic compositions plotted against the silica contents show no correlation in both isotopic systems for
rocks of different age groups, but with increasing scatter from the older to the younger rocks (Figures 7b and 7e).
Notably, a clear correlation is observed between the progressively enriched isotopic values for each group and the
minimum silica contents (segmented arrow in Figures 7b and 7e), which confirms that such enrichment is
imprinted since early stages of differentiation. However, still discernible covariations within groups become
pronounced when considering the trace elements shown previously to record more readily a progressive
enrichment. This is the case, for example, for Th and La which should be more sensitive for tracking the
involvement of crustal material (Figures 7c, 7d, 7f, and 7g). Against these parameters, rocks from all age groups
display correlations with the isotopic signature, in particular in ENd(i), being progressively more pronounced for
the Middle-Late Miocene rocks to the Pliocene-Quaternary ones (Figures 7c, 7d, 7f, and 7g).

All these observations show that a simple scenario of generating the progressively enriched signatures from the
less evolved and less enriched ones is not the case. The characteristics described suggest a complex mixing
scenario, where deep “source” processes as well as middle to upper crustal level contamination processes (as
assimilation-fractional crystallization (AFC); DePaolo, 1981) are both variably involved in order to derive the
signatures displayed by the Cenozoic arc rocks. The data also indicate that contamination processes at middle to
upper crustal levels were less intense for magmas of the late Eocene and Oligocene-earliest Miocene, which
formed during the extensional period, and were most intense for those of the Pliocene-Quaternary, which formed
during the compressive regime and coevally or after the main uplifting event in the region. In this regard, it is
remarkable that the Cenozoic arc rocks show variations in time in Sr-Nd isotopic signatures that tightly correlate
with such major tectonic processes: the enrichment processes start after the initiation of the compressive regime
(~22-18 Ma) and an increase in the rate of enrichment is observed after the main Andean uplifting event (~8 Ma;
Figures 7h and 7i). This path strongly argues in favor of the continental crust as the main domain where the
composition of the Cenozoic arc magmas is being conditioned, at least during the compressional stage, as a
consequence of both its constitution and its reshaping throughout the construction of the modern Andean orogen.

Crustal thickness estimates are presented for the Cenozoic Andean arc and these strongly support the in-
terpretations discussed in the previous sections in addition to providing improved constraints on the evolution of
the region. Estimations have been obtained for several consecutive age ranges using the whole rock data in the
multiproxy chemical mohometer of Luffi & Ducea (2022). Results are presented in Figure 9 and further details of
the calculations and the full results given by the software are presented in the Supporting Information S1.
Regarding the results themselves, it is first highlighted that for rocks younger than 3 Ma, the average current
crustal thickness estimated for the arc region (Tassara & Echaurren, 2012) is tightly reproduced, thus validating
the method. In a wider time frame, the results neatly track the variations in crustal thickness, which, as expected,
correlate well with the major tectonic regimes interpreted in the region (Figure 8a). Progressively diminishing
values, from ~35 km up to ~30 km, are recorded during the extensional stage between the middle Eocene and late
Oligocene, thus corresponding the Oligocene to the time of maximum crustal attenuation. From then on pro-
gressively increasing values are observed up to the current ~55 km underneath the modern volcanic axis. It is also
interesting to note that there are no relevant changes in crustal thickness from 7 Ma onwards (Figure 8a); this is
after the main Anden uplifting event, an observation that reinforces the interpretation that by then the main
configuration of the current orogen would have been reached (Farfas et al., 2010). Apart from grouping only by
age ranges, additional calculations were performed for the Oligocene-earliest Miocene rocks incorporating a

Figure 7. Whole rock Sr and Nd isotope systematics of the studied rocks. Diagram (a) displays the covariation of ENd(i) versus *’Sr/%°Sr(i) ratios including the fields
defined by the Andean Southern Volcanic Zone (SVZ) in the Northern (NSVZ), Transitional (TSVZ) and Southern (TSVZ) segments. Diagrams (b, c, d) and (e, f, g)
illustrate the covariation of respectively ENd(i) and ¥'Sr/*®Sr(i) ratios respect to the SiO,, Th and La contents. For Sr and Nd isotopic composition against the latter
incompatible elements, vectors illustrating the trends of Fractional Crystallization (FC) and Crustal Contamination (CC) processes are indicated in the left diagram.
Gray arrows illustrate the overall increasing/decreasing trends discussed in the main text. Sr-Nd isotopic data for the SVZ taken from Stern et al. (1984), Futa and
Stern (1988), Hickey et al. (1986), Hildreth and Moorbath (1988), Holm et al. (2014), Hickey-Vargas, Holbik, et al. (2016), Hickey-Vargas, Sun, and Holbik (2016),
Muifioz-Gémez, Payacén, et al. (2020), and this work. WPC: Western Principal Cordillera.
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Figure 8. Crustal thickness calculation for different age ranges of the Cenozoic Andean arc data (a) and comparison against
the Sr and Nd isotopic composition (b and ¢, respectively). (a) For crustal thickness, the mohometer of Luffi & Ducea (2022)
has been used and results are displayed at 2¢ error level. The average current crustal thickness under the active volcanic arc
area is indicated by a gray band (taken from Tassara & Echaurren, 2012). The symbols in gray, labeled as E or W, correspond
to additional calculations for the age range to which they are linked, but considering a spatial subdivision. These cases
correspond mostly to the Abanico Formation outcrops, which currently shows an E-W width of up to ~55 km (see Figure 2)
and was longitudinally divided in half for the displayed calculations. See the main text for further discussions. (b, c)
Correspond to box and whisker plots and the full data for each age range has been included. Numbers inside these plots
indicate data included. WPC: Western Principal Cordillera.

spatial discrimination (in gray in Figure 8a). These, which were formed during the extensional stage, mostly
correspond to the Abanico Formation outcrops, in addition to coeval intrusives, which currently shows an E-W
width of up to ~55 km (see Figure 2) and were longitudinally divided in half for the additional calculations.
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Figure 9. Initial EHf isotopic composition of the studied rocks and covariation of this parameter against the age (a), initial
€Nd (b) and SiO, contents (c). In (a) EHf(i) values have been plotted against the corresponding zircon U-Pb age, in the case
of single mineral analyses, or against the reported rock age, in the cases of bulk zircon samples and whole rock analyses. The
diagram also illustrates: (i) the evolution of the Depleted Mantle reservoir (green line; Bouvier et al., 2008; Vervoort &
Blichert-Toft, 1999) and (ii) in gray lines a forward projection model up to present of initial EHf values for the inherited
Mesozoic and Paleozoic material using a bulk earth '7®Lu/'7Hf ratio of 0.015 (Goodge & Vervoort, 2006). The present value
of such projection has been termed as the EHfC parameter in the main text and facilitates evaluating the potential of the
mentioned components as crustal contaminants for the Cenozoic arc magmas. In (b, c) only samples with EHf(i) data along
with corresponding whole rock SiO, contents and Nd isotope composition have been plotted. The only exceptions to this are
some samples of the El Teniente deposit (TT150, TT101, TT90, TT102, TT94), which have been matched to the whole rock
data in the corresponding units reported by Stern, Skewes, and Arévalo (2011). In all diagrams, samples have been grouped
according to their occurrence in the WPC (blue; Western Principal Cordillera) and EPC (red; Eastern Principal Cordillera). In
(a) schemes at the top of the figure illustrate the corresponding main tectonic stages and events recorded in the margin at the
studied area.

Results reveal relevant E-W variations in crustal thickness, from ~30 km in the western rocks, which correspond
to the frontal arc, to ~37 km in the eastern rocks. Finally, regarding the crustal control, there is a clear relationship
between the geochemical enrichment and the increasing crustal thickness, which is also supported by the vari-
ations in the Sr and Nd isotopic compositions (Figure 8).

5.1.2. Hf and O Isotopic Composition

The first characteristic that stands out from Hf data is that the Cenozoic arc rocks display a marked spatial isotopic
segmentation between the western and eastern magmatic units until the Early Pliocene (~5 Ma; Figure 9a), as it
was first noted by Muiioz et al. (2013). Such segmentation is defined by igneous rocks currently exposed in
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different portions of the orogen: the Western Principal Cordillera and the Eastern Principal Cordillera (Figure 2).
For the western units, there is a record of Hf data discontinuously from the middle Eocene to Pleistocene
(Figure 9a). This represents the arc activity that took place in the Abanico basin domain, throughout the
extensional and the following contractional periods, waning until it was extinguished during the Neogene-
Quaternary (Figure 2). For the eastern units, there is a fairly continuous record from the Middle Miocene on-
wards (Figure 9a), this is exclusively throughout the contractional period up to present. These igneous units were
emplaced into the series of sedimentary and minor volcanic Mesozoic deposits currently comprising the Eastern
Principal Cordillera, outside and immediately to the east of the Abanico basin domain (Figure 2). They also
become progressively younger to the east, thus pinpointing the eastern migration of the arc activity, while this was
waning in the western areas, until its establishment in the currently active arc area (Figure 2).

The eastern units are characterized by EHf(i) values mostly between +4 and —6, although a few scatter to as low
as —10. These values show an evolutionary trend toward increasingly less depleted compositions in progressively
younger units (Figure 9a), a feature recorded by the whole group trending to lower maximum values with
decreasing age (Figure 9a). Single zircon crystal analyses reveal the presence of older inherited components with
two general age groups, a more prominent one with late Paleozoic-Early Triassic ages and a subordinate one with
Eocene-early Oligocene ages. Both record EHf(i) values within the range defined for the Cenozoic igneous
zircons analyzed in this eastern area (Figure 9a). In terms of the EHfC parameter (for its description see Section 3.
Methods) the following ranges are defined by the inherited material: (a) between —5 and —10 for the late
Paleozoic-Early Triassic component, a range coincident with the lowermost EHf(i) values of Cenozoic magmas,
and (b) between +2 and —4 for the Eocene-early Oligocene component, values within the main range of EHf(i)
values of Cenozoic magmas (Figure 9a). Notably, the more abundant late Paleozoic-Early Triassic component is
present in zircon samples both as individual crystals and as inherited cores, thus evidencing the incorporation and
partial digestion of this material by the hosting Cenozoic magmas of the Eastern Principal Cordillera. Such crustal
contamination processes are likely also responsible for the large intra-sample isotopic variability observed in
igneous units from this eastern region, which can reach up to 9 EHf units (Figure 9a). The latter also suggests a
derivation of the eastern units from igneous reservoirs related to intense assembling processes from multiple
magmatic feeders (e.g., Kemp et al., 2007).

The western units have distinct Hf isotopic compositions with respect to the eastern units prior to the earliest
Pliocene (~5 Ma; Figure 9a). Before this time, they were characterized by relatively juvenile compositions with
more radiogenic EHf(7) values mostly between +6 and +12 (Figure 9a). Importantly, the single zircon isotopic
analyses reveal a limited intra-sample variability of less than 4 EHf units, with limited amounts of inherited
material (Figure 9a). Where present, such material shows ages younger than middle Eocene and Hf isotopic
signatures within the range of the hosting igneous units (Figure 9a). Altogether, the western units describe an
evolutionary trend toward less depleted compositions with progressively younger ages. Units older than ~14 Ma
reach comparatively more radiogenic values, with EHf(i) ranging to +12 and occasionally to +15 (coeval
Depleted Mantle values), while younger units show less radiogenic values lower than +10 (Figure 9a). From
around ~8 Ma onwards the EHf(i) signatures quickly decrease, reaching a minimum value of +1 in the youngest
unit (Figure 9a). This latter value is within the range defined by the coeval eastern units, indicating that the spatial
segmentation of the Hf isotopic signatures has disappeared by then and all the arc igneous rocks share the more
crustal Hf signature of the eastern areas (Figure 9a).

The marked spatial segmentation displayed by the Cenozoic arc rocks on an Hf isotopic basis was not observed
previously in the whole-rock data of the region. Amongst the different chemical and isotopic parameters explored
in this work, the only one that clearly records the segmentation is the Nd isotopic composition (Figure 9b). This is
expected considering the similar geochemical behavior of both isotopic systems, and in their relation of
EHf =~ 1.36*ENd + 3.0 (Vervoort & Blichert-Toft, 1999) resides the comparatively higher resolution of the Hf
isotopic data that has enhanced the compositional contrast between different igneous rocks and regions.

Another aspect to highlight in comparing with the whole rock data is that the Hf isotopic signature is independent of
the composition of the host rocks. These include intrusive and extrusive units, which vary from basalt to rhyolite in
composition, and no covariation is observed between Hf isotopic values and other chemical parameters. In
particular, the difference between the more crustal Hf signatures of the eastern units with respect to the western
units is observed throughout the chemical compositional spectra (Figure 9c). This feature precludes a simple
scenario of crustal contamination processes, at middle to upper crustal levels as AFC type, as the sole cause for the
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difference in the isotopic compositions between both areas. Although such processes are evidently involved in the
genesis of the eastern units, as recorded in zircon samples, they cannot solely explain the crustal Hf signatures of
these units with respect to the western units. The latter is supported by simple mixing models analogous to those
presented by Kay et al. (2005), as these were constructed using a primitive and unenriched Abanico basalt with an
enriched younger unit, compositions which in fact correspond respectively to the western and eastern units dis-
cussed here. In order to reproduce the main range of Hf isotopic signatures of the eastern domain rocks, an average
primitive basalt from the western Abanico domain needs to be mixed with 15%—65% of a late Paleozoic-Early
Triassic contaminant of felsic composition. Moreover, this model overlooks the extreme crustal Hf signatures
of some Cenozoic zircons, which are fully within the range of the late Paleozoic-Early Triassic inherited com-
ponents (Figure 9a). It is also most relevant to consider the thermal state of the continental crust in the eastern
domain throughout the studied time span. Unlike the western domain, which records intense and almost continuous
Cenozoic arc magmatic activity for tens of millions of years, magmatic units emplaced in the eastern domain are
scarce and document the eastern arc migration from the Middle Miocene to the present (Figure 2). Therefore,
throughout this migration, such units were emplaced in a thermally immature and cold eastern domain, which
would not have favored the occurrence of important middle to upper crustal level contamination processes.

The arguments presented above point to the existence of an enriched component involved early in the genesis of
the Cenozoic magmas with less radiogenic and more crustal Hf isotopic signatures. Such early involvement can
occur at lower crustal levels and/or at subcrustal levels after MASH domain and/or source enrichment processes
at the subarc mantle. However, for the studied rocks, the spatial distribution and temporal variations of the Hf
isotopic signature are strong arguments for deep crustal processes. Prior to the Middle Miocene, the western and
eastern units defined a sharp spatial segmentation which can be ascribed to compositional differences in the deep
basement underlying both areas, a more likely scenario than invoking a control from a compositionally segmented
sub arc mantle source (Mufioz et al., 2013). It is also remarkable that variations in the isotopic composition closely
correlate with major tectonic processes occurring in the upper lithosphere. First, the temporal evolution toward
more enriched signatures occurs exclusively in the western domain during the compressional stage (Figure 9a).
The same is observed for the eastern domain although there are no older igneous rocks to compare against for the
extensional phase. Second, a more dramatic decrease in EHf(7) signatures of the western domain is observed since
the occurrence of the main Andean uplifting processes (<8 Ma), and this decrease continues until the arc igneous
rocks record crustal Hf isotopic signatures similar to those of the eastern domain (Figure 9a). The described
compositional evolution can be considered as an expansion of the eastern signatures toward the west and fits
neatly with the simple shear models of Andean thickening processes in the region (Muiloz et al., 2013). In these,
the crustal thickening and uplifting developed since <8 Ma onwards is interpreted to result from deep under-
thrusting of the basement advancing beneath the eastern areas toward the western ones (see Figure 11).

The O isotope ratios in this and previous works (Muiloz et al., 2012) were measured on the same in single zircon
crystals and areas used for the analyses of Hf isotopes and U-Pb ages. Cenozoic arc rocks older than ~5 Ma show
a similar segmentation in terms of 8'®0,,. values, though less pronounced than the corresponding Hf data
(Figures 10a and 10b). All units record 8'80,,. values that significantly overlap with the range defined by zircons
in equilibrium with mantle-derived melts (+5.3%0 £ 0.6; Valley et al., 1998). The eastern units range to higher
5'%0,,. values, up to +6.7%o, whereas the western units tend to record lower values, as low as +3.3%o
(Figures 10a and 10b). For all units, the isotopic systematics of O are similar to those of Hf in that: (a) intra-sample
variability is higher in the eastern units compared to the western ones, reaching up to 3.2 and 1.8%o, respectively,
and (b) the §'%0,,. signature is independent of the chemical composition of the host igneous rocks (Figure 10c).
Regarding the inherited late Paleozoic-Early Triassic component of eastern units, the 5'0,,. values range be-
tween +4.7%o and +8.2 (Figure 10a).

The range in 81802rc values significantly higher and lower than those for zircons in equilibrium with mantle-
derived melts requires involvement of respectively higher and lower 8'%0 components. The first case, restricted
to the Eastern Principal Cordillera, can be in part explained by a variable incorporation of the late Paleozoic-Early
Triassic component identified in the inherited zircon record. A 30% contamination of this component, having the
average 8'%0,, signature from the full range observed (+6.3%0), would be necessary to reproduce the average
signature of eastern magmas (8'*0,,, = 45.7%o) from a mantle derived melt (8'0,,, = +5.3%0). This rough
estimate could be significantly lowered if the enriched deep component of the eastern areas, inferred from the Hf
isotopic basis, would also have elevated 5'®0 values (see discussions in the following sections). The second case,
posing the presence of a low §'®0 component, is mainly observed in the Western Principal Cordillera, although

MUNOZ-GOMEZ ET AL.

17 of 31

251801 SUOWILIOD BATER.D @Rt ke 3U) A PaULEAOE 32 S LR YO 88N JO SB[ JOJ AZRIqIT BUIIUO AB]IA UO (SLOIPLOD-PUB-SLLLIBYLIOD' A3 M AR2Ac][BUIIUO//SChIL) SUORIPUOD PU SLLLE L 8U) 38 *[9202/0T/90] U ARiq1 3UIIUO /B1IM ‘01048520 [pQ PePSIRAIIN Ad STZTODDYZ0Z/620T OT/I0p/W0d" A8 1M ARIqipuIU0'SANnGey/ St Wo1j papeojumoq ‘6 ‘5202 ‘£20252ST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems

10.1029/2024GC012154

Comggg;giona/ Extggggna/
< < '
WPC Andean Uplift )
N @) 7/ "
Mantle zircon field o
7

5°0 [%d]
(o))

)]

4 4
3 .
T T T T T T T T T l/// T T T T
0 5 10 15 20 25 30 35 40 45 150 200 250 300
Age [Ma]
(b) Mantle g {(c) 2 '
80 zircon field &
7 1 p 0 o
60 = o s b |
261, l . :: . . ?
40 1% . ' s ' « i &
S 54 e (R l l .
o . ° [} ° & ® g
20 . *Te *
- 4 ° . °
c
: N
o T T T T
60 50 55 60 65 70 75
SiO, [%]
40
Symbols
20 Western Units Eastern Units
® Magmatic ©® Magmatic
O Inherited O Inherited

50 [%o]

Figure 10. Zircon 8'%0 composition of the studied rocks. (a, ¢) Diagrams illustrate GISOZ,C values against the corresponding
ages and whole rock SiO, contents (same plotting details as in Figure 9). (b) Histograms that illustrate the frequency of
slsoz,c values for units from the WPC (blue; Western Principal Cordillera) and EPC (red; Eastern Principal Cordillera).
Field of mantle zircon values taken from Valley et al. (1998; 5.3 + 0.6%o). In (a) schemes at the top of the figure illustrate the
corresponding main tectonic stages and events recorded in the margin at the studied area.

there is a slight signal also in the Eastern Principal Cordillera (Figures 10a and 10b). Low 8'%0 components in the
earth crust correspond to hydrothermally altered rocks, that is, rocks that have interacted with low 8'#0 meteoric or
sea waters at high temperatures (e.g., Bindeman, 2008; Bindeman & Valley, 2001, 2003; Bindeman et al., 2004,
2005, 2010; Eiler, 2001; Taylor, 1968), in addition to igneous rocks derived from their melting (e.g., Bindeman &
Valley, 2001, 2003; Bindeman et al., 2005; Eiler, 2001; Wei et al., 2002, 2008; Yang et al., 2017; Zheng, Wu,
et al., 2007). For the Western Principal Cordillera, the coupled Hf isotopic composition records elevated EHf(7)
values for the low 8'%0 component (see Figure 12), indicating a juvenile reservoir. Incorporation of such a
component early in magma genesis is supported by the fact that the isotopic signatures are independent of
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differentiation parameters (see above) and that the inherited zircons do not have low 8'80 values. These charac-
teristics argue against an AFC-type process as the means by which the discussed component is incorporated in
magmas. It should be noted that the juvenile low &'#0 signature is recorded in two groups of igneous units, which
likely represent the upper parts of extensive magmatic plumbing systems with deep roots in the crust. The first
includes the La Obra Batholith (~33.5°S), in addition to two tuffs which are probably genetically related given their
spatial proximity and similar age. The second group includes the intrusions related to the El Teniente porphyry Cu-
Mo mega deposit (~34°S; see locations in Figure 2). The La Obra batholith corresponds to an Early Miocene unit
(Kurtz et al., 1997; Piquer et al., 2021; Sellés & Gana, 2001; this work), of granitic to monzogranitic compositions,
which covers an area of ~224 km? and shows at least 1 km of vertical exposure (Payacan et al., 2024; Rodri-
guez, 2022). The second group includes a series of mostly plutonic units, from gabbroic to granitic compositions,
which constitute an almost continuous record of magmatic and vigorous hydrothermal activity from the Middle
Miocene to the earliest Pleistocene in the area (e.g., Cuadra, 1986; Maksaev et al., 2004; Mufioz et al., 2012; Stern,
Skewes, & Arévalo, 2011). For the latter units, Muifioz et al. (2012) concluded that the juvenile low 8'80 values
should be inherited from the deep crust based on a detailed characterization of their zircon O and Hf isotopic
composition.

Overall, the Hf and O isotopic data and the conclusions drawn from them are in full agreement with the whole-rock
geochemistry and Sr-Nd isotopic compositions for the Cenozoic arc igneous rocks. Both data sets show: (a) an
increasing enrichment in progressively younger rocks whose timings closely correlate with major tectonic episodes
developed in the upper continental lithosphere, (b) the role of the deep crust as a major control on the arc magmas
composition, and (c) the occurrence of subordinate medium to upper level crustal contamination processes.

5.2. Components Involved in Arc Magma Genesis
5.2.1. The Late Paleozoic-Early Triassic Component: Frontal Cordillera

Undoubtedly, the first and most straightforward component to identify is the late Paleozoic-Early Triassic
crystalline basement, which is directly recorded from the ages of inherited zircons in the arc igneous units
emplaced in the Eastern Principal Cordillera. Such a basement constitutes most of the current Frontal Cordillera in
Argentina and this morphostructural unit immediately limits the Eastern Principal Cordillera to the east (Figures 1
and 2). Thus, the inherited zircon evidence that the late Paleozoic-Early Triassic crystalline basement is continued
to the west, at subsurface levels, underneath the Mesozoic sedimentary swath of outcrops that comprise the
Eastern Principal Cordillera (Figures 1 and 2). Estimating the vertical location and extension of such component
is elusive, yet thickness estimates for the current Mesozoic sedimentary swath are less than ~15 km (Farias
et al., 2010; Giambiagi & Ramos, 2002; Ramos, 2004), placing it at medium to upper crustal levels at least. It is
also likely that the late Paleozoic-Early Triassic crystalline basement does not extend significantly into western
areas, as the magmatic record in the Western Principal Cordillera shows no inherited components of such ages
(Figures 9c and 9d).

5.2.2. The Deep Enriched Component: Cuyania Terrane

As previously discussed, the Hf isotopic systematics of the Cenozoic arc rocks signal both (a) the presence and
influence of an enriched deep basement underneath the eastern areas and (b) the westward deep underthrusting of
such basement underneath the western areas after the main Andean uplifting event (<8 Ma). Muiioz et al. (2013)
ascribed this to the Cuyania terrane (Figures 1a and 1c; Figure 9), one of the several terranes composing the deep
basement of southwestern South America which derive from the Paleozoic accretionary history of the margin
(e.g., Ramos, 1994, 2009; Ramos et al., 2004, 2010). The Cuyania terrane corresponds to a Grenville age

Figure 11. Schematic profiles of the Cenozoic evolution of central Chile that illustrate the main components involved in arc magma genesis. Extensional tectonics
prompting the development of the Abanico intra-arc basin were active at least since the middle Eocene to early Miocene (a). Later, compressional tectonics set in the
margin and were responsible for basin inversion and construction of the modern orogen (b—d). In this region, shortening processes account for the thickening and
uplifting of the current modern Andes and these have been ascribed to the western underthrusting of the South American craton (e.g., Farfas et al., 2010). The four main
magmatic components identified here correspond to: (i) primitive arc basalts, (ii) a late Paleozoic—Early Triassic component, similar to units currently outcropping at
the Frontal Cordillera (Choiyoi affinity), (iii) a deep evolved component, ascribed to the Cuyania basement, and (iv) a deep juvenile low-8'%0 component, of oceanic
crust affinity. Acronyms Cz: Cenozoic, Pz-Tr: late Paleozoic—Early Triassic, NP: Neoproterozoic, WPC: Western Principal Cordillera, EPC: Eastern Principal

Cordillera.
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Figure 12. Zircon Hf-O isotopic composition for the studied rocks and simple mixing models. The displayed models follow
sequential events described in the main text in Section 5.3. Simple mixing curves show ticks every 10% increments, except
where signaled with numbers in the graph. Plotted data exclusively correspond to coupled Hf and O isotopic analyses in
individual zircon crystals (Muiioz et al., 2012, 2013; This work). In the case of inherited material of late Paleozoic—Early
Triassic ages the EHSC values have been plotted. Components correspond to SC: Subduction Component; DMM: Depleted
Morb Mantle; OCG: Oceanic Crust Gabbro; MOWB: Mantle Oxygen Western Basalt; CB: Cuyania Basement (Cry:
Crystalline; Sed: Sedimentary); PTB: late Paleozoic—Early Triassic Basement. Other acronyms are Cz: Cenozoic, Pz-Tr:
late Paleozoic—Early Triassic. The detailed composition of end member components is indicated in Table 2.

composite exotic block amalgamated to the western margin of Gondwana in the Middle to Late Ordovician (e.g.,
Ramos, 1994; Ramos, 2004, 2009; Ramos et al., 2004). It is partially exposed in Argentina between ~29° and
39°S, in the Precordillera fold and thrust belts and in scattered ranges further south (Figure la; e.g. Ramos
et al., 2004; Martin et al., 2019), but it would constitute an important section of the deep basement underneath the
western areas of the Andes, extending at least under the Eastern Principal Cordillera (Figure 1c; Ramos, 2004). Its
distribution in deep crustal sections toward such areas in Chile would be the result of the westward basement
underthrusting responsible in the region for the shortening, thickening and uplifting processes leading to the
construction of the modern Andean orogen (Figure Ic; e.g., Farias et al., 2010; Ramos, 2004).

The Cuyania terrane has been inferred to correspond to Laurentian Mesoproterozoic crust formed in an island arc
setting overlain by Paleozoic mostly sedimentary strata (e.g., Kay et al., 1996; Martin et al., 2019; Ramos, 2004).
In a region encompassing the area studied in this work (~28°-35°S), recent studies on detrital zircon crystals have
shown an enriched current Hf signature for the Grenville age components. For these, the EHfC values vary be-
tween —22 and —8 (Martin et al., 2019), which make it a most suitable component for imprinting the base level
unradiogenic Hf isotopic signatures recorded in the studied rocks. Interestingly, in the region further north, be-
tween 28° and 32°S (see locations in Figure 1a), equivalent Cenozoic igneous rocks exposed in the Argentina
Precordillera show the presence of a Grenville age component controlling their geochemical and isotopic
enrichment. For these, Jones et al. (2015) showed two distinguishing characteristics with respect to coeval rocks
outcropping further west: (a) they are particularly enriched and show crustal EHf(i) signatures varying mostly
between —4 and 0, and (b) they contain Grenville age inherited zircon crystals which, in addition, show EHf®
between —8 and —5. The reason why Cenozoic arc rocks exposed in the Argentina Precordillera actually show the
inherited Grenvillian components, while those studied here do not, most likely relates to the depth of such
basement underneath the two areas. Throughout magmatic evolution, incorporation of this component in late
stages would favor the preservation of its record after partial digestion of the inherited zircons. Such is the case for
the Cenozoic arc magmas emplaced in the Argentina Precordillera, where the presence of this component at upper
crustal levels is recorded in the dispersed outcrops of the Grenvillian basement themselves. An early incorpo-
ration, at lower crustal levels and higher magmatic temperatures, would in turn favor the total digestion of the
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inherited material, leaving only a record of the compositional enrichment and the evolved isotopic compositions
as seen in the rocks studied here (Figure 9). In this case, the late stage component corresponds to the late Paleozoic
—Early Triassic basement, recorded in the inherited zircon of magmas from the Eastern Principal Cordillera.

As well as the Hf isotopic signatures, the studied Cenozoic arc magmas also show a spatial segmentation in 5'%0
isotope signatures, with values higher in the Eastern Principal Cordillera than those in the western units
(Figure 10). The higher 8'%0 values in the eastern units can be explained by the incorporation of early- and late-
stage magmatic components discussed up to here, as deduced from the signatures recorded in the inherited zircon
record. The Grenvillian component shows 8'#0,,, values ranging between +6.1 and +7.2%o (Jones et al., 2015)
while the late Paleozoic—Early Triassic component shows 61802rc values between +4.7 and +8.2%o (this work).

5.2.3. The Deep Juvenile Low-5'0 Component: Oceanic Crust (?)

As recorded mostly by igneous units from the Western Principal Cordillera, a low 8'®0 component is involved in
the magma generation processes of the studied Cenozoic arc segment. Several hypotheses can be discussed in
terms of the nature and possible origin of such a component, yet these must fit three main observations: (a) the
juvenile isotopic composition recorded from Hf signatures, (b) location at deep crustal levels, as inferred from its
early involvement throughout magmatic evolution, and (c) presence on a regional scale in the area.

Low 8'80 domains in large spatial extensions of the earth crust have been documented both for the continental
crust and the oceanic crust. The first case has been invoked as the source of low 8'%0 granites formed in rift and/or
anorogenic settings (Zhao et al., 2007; Zheng, Wu, et al., 2007; Zheng, Zhang, et al., 2007; Wei et al., 2008). The
origin of such domains has been ascribed to events of widespread meteoric-hydrothermal processes, prompted by
magmatism, causing massive '*O-depletion in large areas of the crust (e.g., Bindeman et al., 2010; Troch
et al., 2020; Zheng, Wu, et al., 2007). In the second case, a relatively standard variation of 5'%0 values is recorded
through the oceanic crust profile, which was first described by Gregory and Taylor (1981) and confirmed later in
numerous studies. Such compositional configuration responds to the common environment and processes to
which the oceanic crust is subjected. From top to bottom, O isotopic values vary from high §'80 in the uppermost
deep-sea sediments (~+15 to +42%o) and hydrothermally altered upper crust (pillow basalts and dikes; ~+7 to
+15%0), low 5'%0 in the hydrothermally altered gabbros and ultramafic rocks (0 to +6%o), and normal mantle
'80 in the underlying unaltered mantle peridotites (+5.5 to +5.9%o; Bindeman et al., 2005; Eiler, 2001).

Two main observations favor the hypothesis of an oceanic crust type domain, located in the continental crust, for
the identified low 8'0 component in the studied Cenozoic arc magmas: (a) the already documented involvement
of such a component in current magma genetic processes of the southern SVZ (37°—46°S) and (b) the outcrops of
oceanic crust lithologies in the central Chile-Argentina Andean region. Regarding the first, Hickey-Vargas
et al. (1995) reported the presence of oceanic metabasaltic xenoliths in andesitic lavas from the Calbuco vol-
cano, a currently active Andean volcano located at 41°20’S (see location in Figure 1a). These correspond to
granoblastic pyroxene granulites, derived from an incompatible trace element depleted basaltic protolith with
isotopically juvenile compositions (ENd(i): +4.0 to +8.6), which also show evidence of melting and melt
extraction. Regarding the outcrops of such a component in central Chile-Argentina, these have been recognized in
two main swaths (Figures 1a and 1b): (a) along the coast, as interbedded oceanic basalts in the metamorphic
complexes derived from the Paleozoic Gondwana margin accretionary prism (see reviews in Diaz-Alvarado
etal., 2019), (b) along the western margin of Precordillera in Argentina, as dispersed ophiolitic complexes mostly
marking the suture between the Cuyania terrane and the westerly amalgamated Chilenia terrane (Figures la and
1b; see reviews in Boedo et al., 2021). The first case is unlike to provide a juvenile low §'#0 component, as such
units are characterized by the association of metasedimentary rocks (~high 8'®0 and enriched compositions) and
subordinated oceanic basalts (~high 8'0 and depleted compositions). In contrast, the Precordillera ophiolitic
complexes constitute a suitable alternative given the common and abundant presence of lithologies from the
deeper sections of an oceanic crust profile, that is, hydrothermally altered gabbros and ultramafic rocks (see
reviews in Boedo et al., 2021).

Even though the ophiolitic complexes are an attractive alternative, they can be readily invoked for the scarce low
580 signatures recorded in magmas from the Eastern Principal Cordillera, but not so for those from the Western
Principal Cordillera. Under the scenario that these units mark the suture between Chilenia and Cuyania terranes, a
key issue is the location in time of such a suture underneath the western and eastern areas (Figure 11). As previously
discussed, the arrival of the Cuyania basement beneath the Western Principal Cordillera is recorded at ~5 Ma from
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the Hf isotopic compositions. This precludes the involvement of the ophiolitic complexes in the genesis of magmas
formed earlier in the western domain, as is the case for those with marked low 8'®0 signatures such as the La Obra
Batholith (~20 Ma; Piquer et al., 2021; this work) and the intrusions from the El Teniente Cu-Mo deposit (age range
~4.5-7 Ma for those with coupled O isotopic data; Maksaev et al., 2004; Muiioz et al., 2012). In turn, these
considerations leave the deep Chilenia terrane basement beneath the Western Principal Cordillera as the likely
location of the component (Figure 11). Further inferences are elusive because of the current limited knowledge of
the Chilenia terrane. This is considered to represent a presumed Grenville age exotic block of Laurentian origin that
collided with the Cuyania terrane in the Late Devonian (Jacques et al., 2020; Ramos, 1994, 2004). Along the
continental margin, there are scarce rock exposures attributed to the Chilenia terrane, so this basement remains
poorly characterized. Nevertheless, some inferences about its composition have been made based on the chemical
and isotopic composition of Paleozoic, Mesozoic and Cenozoic igneous rocks exposed over the domain of this
basement terrane. Recently, Jacques et al. (2020) indicated that the Chilenia terrane hosts at least two geochemical
components: (a) one with unradiogenic Pb isotopes, representing the lower crust and/or lithospheric mantle, and (b)
one with more radiogenic Pb isotopes, similar to Chilean Phanerozoic metasedimentary and igneous rocks (Coastal
Batholith and Choiyoi province). The first is plausible as the juvenile low '30 component.

5.2.4. The Subarc Mantle Sourcing Primary Magmas

Under the paradigm of a destructive continental margin setting, the subduction modified depleted mantle
component corresponds to the ultimate source of the studied Cenozoic arc magmas (Figure 11). Their chemical
and isotopic composition indicates that overall these correspond to mainly juvenile additions from the subarc
mantle, which are later overprinted variably by the crustally allocated components discussed so far. Such juvenile
nature is particularly well exemplified in the radiogenic Hf isotopic compositions for units of the Western
Principal Cordillera from the Eocene to the Middle Miocene. Their EHf(i) values vary mostly between +6 and
+12, close to the value of +13 reported as the average of current island arc magmas (Dhuime et al., 2011).
Considered in a wider time frame, Andean arc magmatism in the region from Jurassic, Cretaceous and Cenozoic
times constitute important additions of juvenile material to the crust, in contrast to that from the Paleozoic and
Triassic, which represent intense recycling of Proterozoic continental crust (e.g., Lucassen et al., 2004). Among
the Cenozoic arc igneous rocks, however, so far, not a single primary arc basalt has been identified to directly
address the subarc mantle component. Nevertheless, units such as the Yerba Loca stock, which has highly
radiogenic EHf(i) values up +16 (current Depleted Mantle value; Figure 9), should be investigated in detail as
possible magmas with a strong imprint of such a source.

5.3. Simple Mixing Models

Simple mixing models for the range in zircon Hf-O isotopic compositions have been performed to evaluate the
involvement of the four main components discussed in the genesis of Cenozoic Andean arc magmas (Figure 12).
These models are bulk mixtures between two end members and do not relate to particular processes. Thus, they
are rough estimations as they do not accommodate the complexities of magmatic processes along the full
translithospheric magmatic arc column related to each sample, from the asthenospheric source to the final
emplacement level. However, as displayed in Figure 12, it is remarkable that variable mixing of the discussed
components can reproduce the compositional diversity displayed by the Cenozoic Andean arc magmas. We
review the following one of several likely compositional paths and indicate details of the geochemical poles in
Table 2 and Table S10 in Supporting Information S1.

In early subcrustal processes, source mixing of ~1%-3% of a Subduction Component (SC; acronyms as indicated
in Figure 12) with the Depleted Morb Mantle (DMM) generates the full compositional range of units from the
Western Principal Cordillera with mantle-like 5'%0,,, signatures (+5.3%0 + 0.6; Valley et al., 1998; Figure 12).
The SC in this case has the composition of the Paleozoic metasedimentary basement distributed along the coast in
the region (Jacques et al., 2020; Table 2) and thus the described mixing conceptually represents subduction
erosion processes. Alternatively, if the SC has the composition of the current trench sediments (Jacques
et al., 2020), then the amount needed to obtain the same results is 3%—25%. The latter range exceeds the ~2.5%
average that has been estimated for the SC in arcs (e.g., Eiler et al., 2000) and also the higher values are
inconsistent with the Sr depleted isotopic signatures of these magmas (Figure 7). Therefore, these estimations
enhance the role of subduction erosion in the margin to control the primary subcrustal isotopic signature of the
Cenozoic Andean arc magmas. We note that changing the DMM compositional pole to an E-MORB mantle
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zz::;oiitional Poles Used in the Simple Mixing Models of 5180Zr;8Hf( t) Displayed in Figure 12

Component Acronym SISOZm [%0] EHf* Hf [ppm]
Depleted Morb Mantle DMM 5.3° 15.6° 0.16¢
Subduction Component SC 15.4¢ —8.0° 3.8°
Mantle Oxygen Western Basalt MOWB 5.5 7.9 2.5¢%
Oceanic Crust Gabbro 0CG 1.3" 17.3' 0.8'
Cuyania Basement Crystalline CB Cry 6.7% —-18.0' 5.1™
Cuyania Basement Sedimentary CB Sed 12.0" —15.0° 9.1°
Late Paleozoic—Early Triassic Basement PTB 6.34 —7.0° 4.0°

#Calculated using the CHUR values of Bouvier et al. (2008). *Mantle oxygen value (5.3 £ 0.6%0; Valley et al., 1998).
“Calculated using the '7®Hf/""Hf of the current depleted mantle of Vervoort and Blichert-Toft (1999). *Average depleted
mantle value (Workman & Hart, 2005). “Average values for the metasedimentary basement along the coast of central Chile
(Jacques et al., 2020). "Values after mixing 3% of the Subduction Component with the Depleted Morb Mantle component.
€Common values of modern primitive basalts from the Andean arc (Hickey-Vargas, Sun, & Holbik, 2016) and oceanic ridges
(Gale et al., 2013). "Value after the following considerations. A whole rock 6180WR = 2.0%o, which is within the range for
gabbros from the oceanic crust and ophiolite complexes (Alt & Teagle, 2000), is converted to s'soZm using the relation
5"80wr = 0.06%(Si0, wt%) — 2.25 + 8'%0,,, (Valley et al., 1994; WR: Whole Rock). For the SiO, wt%, a value of 49% has
been used, which is among the most frequent ones for gabbros from ophiolitic complexes (Kelemen et al., 2020; https:/www.
earthchem.org/). ‘Taken from current ENd values of granulite xenoliths with MORB affinities from Calbuco volcano
(Hickey-Vargas et al., 1995) and using the conversion EHf ~ 1.36*ENd + 3.0 (Vervoort & Blichert-Toft, 1999). JCommon
value of gabbros from modern oceanic crust (e.g., Barling et al., 1997; Hart et al., 1999) and ophiolite units (e.g., Tribuzio
et al., 2014). kAverage value of Grenvillian inherited zircons in Andean Cenozoic igneous rocks (Jones et al., 2015). See
location in Figure 1. 'Value within the range of EHfC reported for Grenvillian zircons from the Cuyania basement (Martin
et al., 2019). For details on EHIC calculation see Section 3 of the main text. "Common value for felsic igneous rocks, also
consistent with that reported for Proterozoic igneous units from the Cuyania basement (Jacques et al., 2020). "Average value
for sedimentary rocks (Bindeman, 2008), also consistent with that reported for Proterozoic igneous units from the Cuyania
basement (Jacques et al., 2020). °Value within the range of current EHf values determined in whole rock for Proterozoic
metasedimentary units from the Cuyania basement (Jacques et al., 2020). PValue within the range of that reported for
Proterozoic metasedimentary units from the Cuyania basement (Jacques et al., 2020). 9Value within the range of those re-
ported for late Paleozoic—Early Triassic zircons inherited in Cenozoic arc igneous units of the Eastern Principal Cordillera in
central Chile (Mufioz et al., 2013; this work). "Value within the range of EHfC reported for late Paleozoic—Early Triassic
zircons inherited in Cenozoic arc igneous units of the Eastern Principal Cordillera in central Chile (Muifioz et al., 2013; this
work). For details on EHIC calculation see Section 3 Methods of the main text. *Comon value for felsic intrusives, also
consistent with values reported for Paleozoic igneous rocks in Chile (Mpodozis & Kay, 1992; Parada et al., 1999; Willner
et al., 2008).

source and/or considering the secular enrichment of the subarc mantle under island arcs (Dhuime et al., 2011)
would have negligible effects in the models presented, modifying the mixing proportions by less than 1%.

Following crustal processes involve the contamination of a primitive arc basalt with the deep components dis-
cussed in the previous section. Such basalt, labeled here as Mantle Oxygen Western Basalt (MOWB), has the
average composition of magmas from the Western Principal Cordillera with mantle oxygen 8'%0,,, signatures,
and can be generated by the previous subcrustal mixing model by the addition of 2% SC into the DMM
(Figure 12). Regarding the western igneous units, the spreading of their compositions toward high EHf(r)—low
SISOZrC signatures can be reproduced by mixing an Oceanic Crust Gabbro component (OCG) with the MOWB.
The proportion of the former component is variable; a 35% addition results in 8'0,,, values up to ~+4.0%o
(Figure 12), which is the lower limit for most of the low-O signatures observed (Figure 10). To reproduce even
lower signatures, between +3 and +4%o, as those displayed by the La Obra Batholith and related units, up to 60%
of the OCG component is needed (Figure 12). These are unrealistically high values, which suggest an over-

estimation of this component in the simple mixing model presented. Regarding the eastern igneous units, most of

their spreading toward low EHf(¢) values can be reproduced by mixing the MOWB with up to 20%—25% of a
Cuyania Basement component (CB) with a crystalline or sedimentary nature (Figure 12). Subsequently, the
composition resulting from this latter mixing can be variably mixed with the late Paleozoic—Early Triassic
component for a further restricted enrichment toward lower EHf(¢) signatures (Figure 12).
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Although the models discussed describe the compositional range observed, the proportion of crustally allocated
components seems too high, particularly when considering the lowest values of EHf(z) and 5'%0,, (Figure 12).
Regarding the low EHf(r) data, magmatic zircons with this composition from units of the Eastern Principal
Cordillera show a key feature: they have EHf(r) and 8'%0,,, values indistinguishable from those of the inherited
late Paleozoic—Early Triassic zircons (€HfC displayed for these in Figure 12). In addition, the EHf(r) compo-
sition of such zircons is also anomalously low with respect to the rest of the magmatic zircons analyzed in the
corresponding samples (Figure 9a). These characteristics indicate that they were not in isotopic equilibrium with
the final hosting magmas. Therefore, the extreme values for the compositional range observed could be dis-
regarded and thus lower the high proportions of some crustally allocated components in the mixing models. The
same could be the case for the involvement of the OCG component in the genesis of magmas from the Western
Principal Cordillera (Figure 11). These considerations require focusing on the mixing models in average values
which, in turn, represent the common compositions of the Cenozoic arc upper crustal reservoirs. In the case of
extreme EHI(¢) and 8'%0,,, signatures, these are probably traces of deeper magmas of a compositional spectra
toward the end-member components which were blended when reaching upper crustal magmatic reservoirs.

5.4. An Integrated Picture of the Cenozoic Andean Arc and Final Remarks

The main result of this study is to document the major role of the continental crust over the composition of
continental arc magmas. As important, but more elusive to track geochemically, the primitive magmas derived
from the subarc mantle constitute the motor driving the magmatic arc factory itself. Within this frame, the
compositional control of the continental crust can be accommodated by the integrated dynamics of deep arc
magmatic processes, as those in MASH and/or Hot Zone domains (e.g., Annen et al., 2006; Hildreth, 2007;
Hildreth & Moorbath, 1988; Otamendi et al., 2012; Walker et al., 2015), and transcrustal magmatic systems (e.g.,
Dufek et al., 2022; Giordano & Caricchi, 2022; Sparks et al., 2019). Thus, upper crustal arc magmas such as those
here studied correspond to the differentiated products of an extensive evolution, taking place along tens of ki-
lometers below their emplacement level, and which includes repeated processes such as crystallization, devo-
latilization, melt segregation, mixing, melting and assimilation, amongst others (Figure 13). Through such a
column, magmatic systems at the lower and middle crust are responsible for most of the differentiation and their
activity and longevity, along with that for shallower systems, is modulated by the key upper transfer of both mass
and heat from the underlying mantle (e.g., Annen et al., 2006; Hildreth & Moorbath, 1988; Otamendi et al., 2012;
Solano et al., 2012; Sparks et al., 2019; Walker et al., 2015). In an arc system like this, primitive arc magmas
ascending from the mantle are very unlikely to reach upper crustal levels, which conceals the subcrustal processes
that conditioned their early composition (Figure 13). Either a favorable extensional regime and/or structural
arrangement should prompt less arc magma processing, as seen here for magmas from the Western Principal
Cordillera; however, the extent of this is uncertain.

For the Cenozoic Andean arc of Central Chile, the crustal control is first tracked by the variations displayed in the
whole rock chemical compositions and Sr-Nd isotopic compositions. These systems signal in general the
increasing digestion of continental crust material, from the early magmatic stages, which is likely prompted by
increasing crustal residence times. The latter is expected after the recorded increase in crustal thickness and
closure of volcanic systems (waning of volcanic activity) that develop through the compressional stage set in the
region since the Early Miocene. The Hf and O isotopic compositions also track the crustal involvement and, most
importantly, provide additional geochemical dimensions to identify the major components involved in magma
genesis. For the latter, the analyses of areas within single zircon crystals have been fundamental to resolve in-
formation unattainable from whole rock data.

From the three crustally allocated magmatic components resolved, the late Paleozoic—Early Triassic basement is
the only one with direct evidence of its involvement, this from the presence of inherited zircon crystals. Inferences
about the remaining two deep basement components rely on the distinct isotopic signature they have imprinted on
the traversing magmas. Such basement compositional control seems to be a common feature for continental arc
magmas, as it has been shown for other systems extensively studied as; for example, Mesozoic and Cenozoic
igneous rocks from northern Chile and southern Perd (Mamani et al., 2010) and the Sierra Nevada Batholith (see
Lackey et al., 2008, 2012 and references therein). Remarkably, in the latter system, the regional boundaries of the
87Sr/*Sr = 706 line and the PA/NA break (e.g., Kistler, 1990; Lackey et al., 2008, 2012), which have been
ascribed to differences in the basement, are analogous to the spatial Hf isotopic segmentation recorded here for the
Cenozoic Andean arc. Overall, our abilities to identify these features are conditioned by the compositional
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Figure 13. Transcrustal magmatic columns for the Cenozoic Andean arc between 16 and 4 Ma in the western and eastern
regions depicted in Figure 11. Based on the data and discussions laid out in the main text and the conceptualization of arc
magmatic systems presented in Hildreth & Moorbath (1988), Annen et al. (2006), Otamendi et al. (2012), Sparks

et al. (2019), and Giordano and Caricchi (2022).

contrast between the basement itself and the ascending primitive arc magmas and the appropriate isotopic tools. In
this regard, in the study of MASH-type processes occurring in a deep crustal arc section, Walker et al. (2015) have
shown that the crustal digestion by primitive arc magmas occurs along with an elemental and isotopic decoupling,
leaving as the only trace of such process the isotopic signature. Another most relevant result from similar studies
is the recognition of the significant isotopic exchange that can develop among reservoirs with contrasting
compositions in MASH domains (Otamendi et al., 2012). These complexities are not accommodated by simple
mixing models such as those presented here, and thus their results overestimate the proportion of crustal con-
taminants over the primitive arc magmas.

The juvenile low-8'0 component, which has been interpreted as of oceanic crust affinity, merits further dis-
cussion. Such interpretation relies on the occurrence of its particular isotopic signature at the regional scale, plus
the recognition of akin lithologies both in the geological background, in the ophiolitic complexes in westernmost
Argentina, and as xenoliths in current arc lavas from southern Chile. The juvenile Hf isotopic composition of this
component is indistinguishable from that of primitive arc magmas; therefore, it is not possible to track its

MUNOZ-GOMEZ ET AL.

26 of 31

251801 SUOWILIOD BATER.D @Rt ke 3U) A PaULEAOE 32 S LR YO 88N JO SB[ JOJ AZRIqIT BUIIUO AB]IA UO (SLOIPLOD-PUB-SLLLIBYLIOD' A3 M AR2Ac][BUIIUO//SChIL) SUORIPUOD PU SLLLE L 8U) 38 *[9202/0T/90] U ARiq1 3UIIUO /B1IM ‘01048520 [pQ PePSIRAIIN Ad STZTODDYZ0Z/620T OT/I0p/W0d" A8 1M ARIqipuIU0'SANnGey/ St Wo1j papeojumoq ‘6 ‘5202 ‘£20252ST



ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems

10.1029/2024GC012154

Acknowledgments

This work was funded by the ANID
(Agencia Nacional de Investigacion y
Desarrollo, Chile) under the Grants
ANILLO-ACT18, FONDECYT 1120272
and PAI79160139. This is a contribution of
the Instituto de Estudios Andinos (R513).
The thorough revisions of Dr. J.S. Lackey
and an anonymous reviewer, in addition to
the handling of editor Dr. D. Hernandez-
Uribe, are gratefully acknowledged.

involvement solely on the basis of Hf isotopic ratios. Thus, the O isotopic ratio is its only tracer and the signal is
characterized by 8'%0,,, values lower than those expected for mantle-derived magmas. No units from the Western
Principal Cordillera, where this component is mainly recorded, show 5'%0,,. values significantly higher than the
mantle range. Altogether, these observations indicate that the high-5'%0 portions of the oceanic crust component
(pillow basalts and sheeted dikes) must be involved in arc magmatic processes proportionally against the much
thicker layers of low-8'30 portions (altered gabbros), or not be significantly involved. Finally, the recognition of
this component mainly in the Western Principal Cordillera leaves questions to be addressed in the future, in
particular regarding: (a) its origin, whether a part of the Chilenia terrane basement or the result of later processes,
and (b) its possible relation with distinctive Cenozoic Andean arc magmas whose genetic processes are still
debated, as those with adakite-like signatures and/or related to Cu-Mo mineralization.

6. Conclusions

The Cenozoic Andean arc of Central Chile (~32°40'-34°30'S) represents a remarkable example of the control
exerted by the continental crust over the composition of arc magmas. The architecture and constitution of this
domain have conditioned in particular the isotopic composition of ascending magmas in a dynamic scenario
throughout its reshaping in an evolving continental margin. The whole-rock chemical and Sr-Nd isotope data
clearly record the increasing crustal digestion of these magmas, while the Hf and O isotopic compositions allows
to identify the major components involved in their genesis. In terms of the latter, the compositional range defined
by the Cenozoic Andean arc can be explained by four major components: (a) the primitive magmas derived from
the subarc mantle, (b) a late Paleozoic—Early Triassic crystalline component, as that currently outcropping in the
Frontal Cordillera, which is underlying the Mesozoic swath of outcrops that comprise the Eastern Principal
Cordillera, (c) a deep enriched component, which likely corresponds to the Cuyania terrane basement, and (d) a
deep juvenile low-8'®0 component, interpreted as a basement with oceanic crust affinities. These results highlight
the predominant crustal imprint of arc magmas from continental margin settings and the limits of our ability to
confidently infer subcrustal processes from the study of their composition.

Data Availability Statement

Supporting Information S1 for this study is available at the Research Data Repository of Universidad Andrés
Bello via Muifioz Gémez et al. (2025). This includes the description of the analytical methods, the data tables of
analytical determinations (whole rock geochemical and Sr-Nd isotopic composition, *’Ar-*’Ar and U-Pb ages,
zircon Hf and O isotopic composition), the composite data set of compiled whole rock geochemistry and Sr-Nd
isotopic composition for the study region, and the end member components used in the simple mixing models.
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