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ARTICLE INFO ABSTRACT

Keywords: We investigate the Jurassic volcanic rocks of the El Quemado Complex in the El Chaltén region (Argentina),
C‘hon Aike silicic LIP which correlate with the youngest eruptive event of the Chon Aike Silicic LIP in southern Patagonia. New zircon
Zircon crystallization ages of the various silicic units were obtained using U-Pb geochronology measured by in-situ
;‘?;?:;::ebgy Laser Ablation Inductively Coupled Plasma Mass Spectrometry. The average ages for 12 samples range from
Gondwana 147 to 152 Ma. Xenocrystic zircon cores of Jurassic igneous zircons are characterized by complex cath-

odoluminescent textures wherein growth surfaces are truncated by dissolution surfaces that are in turn over-
grown by euhedral growth zones that exhibit oscillatory magmatic zoning. The cores have a wide range of ages,
from 185 Ma to 1.3 Ga. We combine our analyzed xenocryst zircon ages preserved in the El Quemado Complex
rhyolites with a compilation of published xenocryst zircon ages documented from Cenozoic to Paleozoic volcanic
and plutonic rocks throughout southern Patagonia. The combined datasets suggests three prominent geologic
features not currently exposed on the present day surface: (1) widespread abundant Triassic through Permian
(200-300 Ma) xenocrystic ages throughout the present day Andean region, which connect to current exposures
in Northern Patagonian and that of the Antarctic Peninsula, marking the Paleo-Pacific Gondwanan margin, (2)
the existence of widespread Early-Middle Ordovician to Cambrian ages throughout southern Patagonia, and (3)
the presence of an old (~1.0 Ga) crust below that of the Deseado Massif and Tierra del Fuego, which likely
extends beneath the present-day Andes.

1. Introduction which may not be exposed at the surface. Zircon xenocrysts are often

interpreted as the surviving remnants of partially melted older crustal

Geochronological studies of inherited igneous zircon highlight the
complex nature of crustal reservoirs involved in magma genesis (Miller
etal., 1992, 2007; Bryan et al., 2008; Farina et al., 2018). In situ analysis
of zircon can provide invaluable information on both the timing of new
zircon crystallization in a melt by analyzing overgrowth zones that
formed in the hosting melt and on the antecedent history of assimilated
crust by analyzing xenocrystic zircon cores. Zircon is a common acces-
sory mineral in silicic magmas and its refractory behavior allows for
monitoring crustal development and modification throughout Earth’s
history (Condie et al., 2009; Claiborne et al., 2010; Miller et al., 2011;
Carley et al., 2011; Bindeman and Melnik, 2016). In combination, silicic
magmas have the potential to sample the deep crust via melting and/or
assimilation (Miller et al., 1988; Clemens et al., 2021; Jacob et al.,
2021), therefore providing insight into portions of the crustal section
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material, and therefore these zircons may serve as to fingerprint ana-
tectic source components for their new host magmas. Throughout this
study, we distinguish zircon populations as either xenocrystic, inherited
grains derived from a contributing source material and/or entrained via
assimilation related contamination, or as magmatic, which are directly
precipitated from the host melt (Miller et al., 2003, 2007).

The nature of the continental crust in southern Patagonian is under
discussion, with long-standing debates about its origin and relationship
with the South American continent (Forsythe, 1982; Pankhurst et al.,
2003, 2006; Ramos, 2008; Ramos and Naipauer, 2014; Calderon et al.,
2016; Suarez et al., 2019a; Rojo et al., 2021a). The timing of mantle melt
extraction events can be estimated with xenolith bulk-rock radiogenic
isotopic systematics (e.g., Sm—Nd or ReOs; Pankhurst and Rapela, 1995;
Schilling et al., 2017). However, insights into geologically significant
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events that resulted in the growth of new crust in the past related to
intermediate to silicic magmatism are limited, unless currently exposed
at the surface. Lower-crustal xenocrysts or xenoliths incorporated into
igneous bodies prior to magma ascension provide indirect sampling of
the crustal column. While some studies use xenoliths to decipher the age
and composition of the upper-mantle to lower-crustal region in Pata-
gonia (e.g., Pankhurst and Rapela, 1995; Schilling et al., 2017), rela-
tively few studies use xenocrystic zircon in southern Patagonia (e.g.,
Rolando et al., 2002; Orihashi et al., 2013).

The main physiographic features of Patagonia are separated into the
Andean Cordilleran along the western margin of South America and into
the extra-Andean region in the east. The extra-Andean region of Pata-
gonia comprises two stable crystalline blocks, including the North
Patagonian Massif (or Somun Cura Massif) and the Deseado Massif
(Fig. 1a); both massifs contain the oldest known crystalline basements in
Patagonia (Harrington, 1962; Pankhurst et al.,, 2003, 2006, 2014;
Ramos, 2008). Largely obscured by later tectonic events associated with
the convergent Andean margin, a major missing link that remains in our
current understanding is the connection between the lower crustal
basement(s) which comprise the Deseado Massif region and that of the
southern Patagonian Andes. Here we provide new evidence for (1) the
possible ages of the underlying crust around the Precordillerian area of
the southern Andean region and (2) a possible tectonic link to the
crystalline basements of the Deseado Massif and Tierra del Fuego
regions.

We present new laser ablation inductively coupled mass spectrom-
etry (LA-ICP-MS) U-Pb ages for both magmatic and xenocrystic zircons
from multiple eruptive units (n = 16 samples) of the El Quemado
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Complex (EQC) within the region of El Chaltén (Argentina). The silicic
volcanic rocks of the EQC studied in El Chaltén presents a special case
for the study of xenocrystic zircon, because they reflect crustal derived
magmas generated during widespread crustal anatexis based on oxygen
isotope analysis (Seitz et al., 2018). We combine our analyzed zircon
xenocryst ages preserved in the El Quemado Complex rhyolites with a
compilation of published zircon xenocryst ages documented from
Cenozoic to Paleozoic volcanic and plutonic rocks throughout southern
Patagonia. Using the combined datasets, we explore the prospect of
older, unexposed igneous basement(s) underlying the Magallanes
(Austral) Basin, and below the Andes around latitudes ~48°-51° S
(Fig. 1a).

2. Geological background

The Chon Aike Silicic LIP (CASP) covers an area of ~1 million km?
throughout the southern Patagonian region and partially the Antarctic
Peninsula (Fig. 1a; Pankhurst and Rapela, 1995; Pankhurst et al., 1998).
Basement outcrops are limited due to extended ice cover in the western
Andes and near-complete cover of the basement due to its burial from
the extensive volcanism of the Jurassic CASP to the east. Deformation
related to the Andean orogeny and subsequent intrusion of the Patago-
nian Batholith have dissected potential basement blocks, further
complicating the interpretation of the basement.

The oldest exposed units of the southern Patagonian Andes comprise
the pre-rift Carboniferous-Devonian Gondwanan metasedimentary
basement of the Eastern Andean Metamorphic Complex (EAMC) (Hervé
et al., 2003, 2008; Augustsson et al., 2006; Giacosa et al., 2012a). The
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Fig. 1. (A) Simplified geologic map of Patagonia showing the extent of the Chon Aike Silicic LIP (dark grey and black), the northern (NPB) and southern Patagonia
Batholith (SPB) as indicated by the hatched pattern, and the four major geological regions. The formations of the Chon Aike Silicic LIP include: the Marifil Formation
(M), the Lonco Trapial Formation (LT), the Bajo Pobre Formation (BP), the Chon Aike Formation (CA), the Ibanez Formation (I), the El Quemado Complex (EQC), and
the Tobiferia Formation (T). (B) Simplified geologic map of the El Chaltén region with sample locations shown (modified from Giacosa et al., 2012b and Seitz

et al., 2018).
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EAMC has been assigned multiple formation names, depending on its
location in the Andes. In the south, basement rocks of the EAMC are
defined as the Bahia de la Lancha (Argentina-Chile) and Cochrane
(Chile) formations and are mostly made up of alternating greywackes
and pelites (Riccardi, 1971). To the north, the low-grade EAMC rocks are
classified as Rio Lacteo (Argentina) and Lago General Carrera (Chile)
formations (Riccardi, 1971; Leanza, 1972). In general, the EAMC is
comprised of low-grade, quartz-rich, turbidite protolith metasedi-
mentary units. In El Chaltén, the complex is a succession of phyllites,
metagraywackes and metasandstones (Giacosa et al., 2012a).

Recently described outside of the Chaltén area are the metamorphic
rocks of the Nunatak Viedma unit (Sudrez et al., 2019b). Originally, this
unit was assigned to the Bahia de la Lancha formation (EAMC) by the
Argentine Geological-Mining Survey based on proximity and litholog-
ical similarities (e.g., Giacosa et al., 2012b). This unit has a maximum
depositional age of ~220 Ma (average of three metapsammite samples:
225, 223, and 212 Ma; Suarez et al., 2019b), therefore these Triassic
ages clearly defines it as a different tectonostratigraphic unit within the
pre-Andean metamorphic belt. Similar to the EAMC, the metamorphic
conditions are estimated to have only reached sub-greenschist to
greenschist facies.

In much of the eastern southern Patagonian Andes, the Bahia de la
Lancha is uncomfortably overlain by late Jurassic volcanic units. These
rocks together are locally faulted, tilted, and thrusted due to the Andean
deformation (e.g., Ramos, 1989; Giacosa et al., 2012a; Ghiglione et al.,
2019). The Jurassic volcanic rocks along the Andean margin make up
the El Quemado Complex, which marks the youngest eruptive episode of
the Chon Aike Silicic LIP (Pankhurst et al., 2000; Poblete et al., 2013;
Malkowski et al., 2016). The CASP extends throughout much of southern
Patagonia and into the Antarctic Peninsula, with an estimated eruptive
volume of ~230,000 km?® (Fig. 1a) (Pankhurst et al., 1998). The prov-
ince is predominately silicic, with volumetrically ~90% of the erupted
material is estimated to have >70 wt % SiO,, with minor volumes of
andesite and dacite present (Gust et al., 1985; Riley et al., 2001). Most of
the CASP volcanic rocks were emplaced during a period of major
extension associated with the breakup of Gondwana; geochemistry of
the youngest EQC units indicates an increasingly important role of
subduction-zone magmatism along the Paleo-Pacific margin (Riley
et al., 2001; Rapela et al., 2005).

Current known U-Pb zircon crystallization ages of the CASP range
from ca. 146 Ma to 192 Ma (Poblete et al., 2013; Pavon Pivetta et al.,
2019). The onset of CASP magmatism started in the North Patagonian
Massif (NPM) (Fig. 1a) at ca. 192 Ma with the silicic Marifil Formation
(eastern NPM) and andesitic Lonco Trapial Formation (western NPM)
progressing until ca. 178 Ma. Afterwards, CASP magmatism progressed
southward into the eastern Deseado Massif with the eruption of the si-
licic Chon Aike Formation and andesitic Bajo Pobre Formation ranging
from 167 to 179 Ma (Pankhurst et al., 2000; Navarrete et al., 2020). The
last eruptive phase of the CASP includes the continuation of the Chon
Aike Formation in the western Deseado Massif at ca. 160 Ma (Dube et al.,
2003; Lopez, 2006; Moreira et al., 2009; Permuy-Vidal et al., 2021;
Foley et al., 2021) and the youngest formations at ca. 150 Ma erupted
along the Andean margin, including the El Quemado Complex (EQC)
and its equivalent formations in Chile, the Ibanez (Baker et al., 1981)
and Tobifera Formations. Ages for the EQC and Ibanez Formation are
reported between 146 and 157 Ma (Pankhurst et al., 2000; Rolando
et al., 2004; Poblete et al., 2013; Malkowski et al., 2016; Foley et al.,
2021). The earliest age determined for the Tobifera Formation was
171.8 + 1.2 Ma from a borehole sample at a depth of 2518 m (Pankhurst
etal., 2000). However, a more recently determined SHRIMP U-Pb age of
ca. 149 Ma was reported, closer to those ages of the EQC near 51°30'S
(Calderon et al., 2004; Calderén, 2006; Calderon et al., 2007), while ata
latitude of 52°, a weighted mean SHRIMP U-Pb age of 159.9 + 1.1 Ma
was reported for a mylonitic silicic metatuff of the Tobifera Formation
(Muller et al., 2021).
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3. Methods

Sixteen samples of volcanic rocks of different eruptive units were
crushed and sieved at grain sizes of 250-125 pm, 125-90 pm, and <90
pm grain. Zircons were separated from the different size fractions after a
series of panning, Frantz magnetic separator, and heavy liquids (meth-
ylene iodide) treatment. Zircon grains were mounted in 25 mm EpoFix
epoxy discs and polished to expose the grain interiors. Zircons were
imaged on a scanning electron microscope (SEM) with cath-
odoluminescence (CL) to image their interior textures, using the CL
detector attached to the JEOL JXA-8350F FEIG-electron microprobe or
the CamScan MV2300 SEM (W filament source) at the University of
Lausanne. CL images were acquired with an accelerating voltage of ~10
kV on the microprobe and 15 kV on the SEM; images acquired with the
SEM require a higher kV (15 kV) due to the lower-resolution filament
source. CL images were used to characterize internal structures and to
target areas of interest for age analyses.

U-Pb ages were measured on the polished zircon surfaces using a LA-
ICP-MS on an Agilent 7700 quadrupole spectrometer coupled with a
GeoLas 200M ArF ablation system at the University of Lausanne. Indi-
vidual measurements were performed with a repetition rate of SHZ, an
energy density on the sample of 3 J/cm? and a spot size of 30 um, using
helium as the carrier gas. For samples that yielded abundant zircon, we
selected ~20 representative grains to analyze; for samples with less
zircon, we analyzed all separated grains. We used the GEMOC GJ-1
zircon (Chemical Abrasion-Isotope Dilution-Thermal Ionization Mass
Spectrometry) 206py, /238y age of 600.5 + 0.4 Ma; Horstwood et al.,
2016) as the primary standard during analysis to monitor data precision
and accuracy throughout analysis. The Plesovice natural reference
zircon (337.207 £ 0.029 Ma; Slama et al., 2008; Widmann et al., 2019)
was used as the secondary standard to normalize isotopic fractionation
during analysis. Data reduction was carried out using LAMTRACE
(Jackson, 2008). Analyses were only considered concordant if the error
ellipse overlaps with Concordia (including the width of uncertainty
associated with the calculation of the uranium decay equation); only
concordant analyses are included in the calculation of sample weighted
mean ages. Concordia diagrams (20 error ellipses), intercept ages, and
weighed mean ages were calculated using the Isoplot/Ex software
(Ludwig, 2003). Samples which have very small number of concordant
analysis are not considered representative the average crystallization
age of the sample.

4. Sample localities and rock descriptions

The study area is located within Los Glaciares National Park in
Argentina, bordering the town of El Chaltén, more widely known for the
Miocene composite intrusion of Fitz Roy (Ramirez de Arellano et al.,
2012). We collected multiple rhyolitic samples from localities to the
west of El Chaltén (Fig. 1b). The easternmost samples were collected
from two locations which show very minor Andean deformation, and no
visible metamorphic overprint. These are the sample localities south of
Cerro Polo and a rhyolite dome on the south slope of the Rio Fitz Roy
(Fig. 1b). The western samples were collected within the strongly folded
and faulted Andean front, between the Loma de las Pizarras and the Co.
Madsen peaks (Figs. 1b and 2a). The samples have seen regional
anchizonal metamorphism. Samples close to the Fitz Roy composite
intrusions have undergone additional contact metamorphism (Leresche,
2013).

Seitz et al. (2018) and Guillermin (2019) present whole rock
geochemical data for most samples included in this study: FR12L5,
FRO721, FR12N7, 12PN74, FR18.16, FR18.38, FR18.39, FR18.40,
FR18.41, FR18.42, FR18.43, and FR18.44. Bulk silica contents range
from lowermost 65 to uppermost 83 wt % SiO,, with the majority of the
units rhyolitic in composition (>70 wt % SiO3). The phenocryst contents
range from ~4 to 10%, including primary quartz, feldspar and biotite
phenocrysts and accessories of zircon, apatite, and ilmenite. In all
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samples, the matrix is devitrified and contains recrystallized aphanitic
quartz and feldspar. The original phenocryst assemblages are estimated
using the chemistry of the secondary mineral replacement and the
pseudomorphs in thin sections.

Eastern samples: Samples were collected on the western cliff of the
north ridge of the Co. Polo. Sample 12SL71 is from a tuff layer above the
Bahfa de la Lancha basement contact.

The Pliegue Tumbado dome is located on the southern slopes of the
Rio Fitz Roy, ca. 3.5 km east of El Chaltén). It forms the ridge below the
Loma del Pliegue Tumbado lookout (Fig. 1b). The dome is elongated at
least 1 km in the N-S direction and is roughly 300 m high. The central
portion of the dome is predominantly composed of well-preserved, flow-
banded rhyolites. In the external parts of the dome, rhyolite flows grade
into heavily brecciated flows. No deformation features associated with
the Andean orogeny are apparent close to the dome; hence, the suc-
cession of lava flows, breccia and ignimbrites is believed to represent the
original structure of the dome upon emplacement. At least one syn-
volcanic normal fault is recognized in the frontal part of the Pliegue
Tumbado Dome. Samples FR18.16 to FR18.44 were collected on the
eastern flank of the dome. Samples with higher sample numbers are
from successively higher — e.g., younger — flows (Fig. 2b).

Both the ignimbrite section of Co. Polo and the Pliegue Tumbado
dome experienced moderate to strong hydrothermal alteration in which
nearly all primary mafic minerals were altered to chlorite. Some samples
show abundant calcite replacing feldspar phenocrysts. Calcite is also
found in veins and in small aggregates in the matrix. Relict mafic min-
erals are biotite and rarely amphibole. Besides the hydrothermal alter-
ation, these samples show no other deformation or metamorphism. The
main alteration phases in the matrix are sericite, chlorite, and epidote.
The temperatures of hydrothermal alteration are estimated to be
~200-300 °C according to the alteration assemblages (Guillermin,
2019). Volcaniclastic rocks and lava flows in the area have relict
magmatic flow bands and vesicles.
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Western samples: These samples were collected within the intensely
folded front of the Andean Orogen. Here, the Andean regional meta-
morphism reached anchizonal conditions (Nescher, 2013). We distin-
guish two subgroups of samples: those which have only undergone
regional metamorphism (Loma de las Pizarras), and the samples which
have additionally experienced contact metamorphism due to the Fitz
Roy intrusions (Laguna Sucia and Co. Madsen).

Three samples from the EQC were collected from different localities
on the northern slopes of the Loma de las Pizarras. Sample 12SL28 is
from the top of a rhyolite dome, at the base of the slope, samples 12PN74
and 12SL38 are from within the series (Fig. 2a). These samples have a
fine-grained silicified matrix, often miarolitic cavities, and some flow
banding. Calcite and/or chlorite alteration destroyed most mafic min-
erals and partially replaced feldspar. A slight schistosity is visible in
quartz phenocrysts, along with undulose extinction.

Several samples were collected within the contact aureole. Samples
FR12H5, and FR12N7 were collected within ca. 150 m of the contact
with the tonalites of the Fitz Roy igneous complex at the south side of
Laguna Sucia. Samples FR12H5 and FR12N7 show quartz phenocrysts
deformed to oval, elongated quartz eyes. Contact metamorphic minerals
can include biotite and some garnet and pinnitized cordierite. In the
field, partial melting is suggested by pegmoidal garnet bearing leucog-
ranite. Sample FR0721 is a protomylonite collected just west of Laguna
de los Tres at the contact with a gabbro within the Fitz Roy Complex. It
shows textures similar to those of the samples above and has strongly
deformed quartz phenocrysts, metamorphic white mica, and biotite. The
last sample, FR12L5, is a slightly contact metamorphosed rhyolite with
minor deformation, collected on the summit of Co. Madsen about 800 m
from the intrusive contact with the gabbro of the Fitz Roy Plutonic
Complex (Fig. 2a).

| FRO721 |7

P el

Fig. 2. Sampled units of the EQC in the El Chaltén region. (A) Google Earth imagery of rhyolite outcrops, east of Cerro Fitz Roy (indicated by red crosses), with
sample localities (star) and location of the intrusion contact (red line); (B) Sample profile along the Pliegue Tumbado Dome; location of FR18.44 is not visible within

this view of the dome.
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5. CL imaging and LA-ICP-MS U-Pb results

Under the binocular, handpicked zircon is often pink to lilac and is
typically euhedral to subeuhedral. SEM-CL imaging of most grains
shows fine-scale oscillatory magmatic zoning; sector zoning is observed
in some grains (Fig. 3).

The rhyolitic domes and the ignimbrite of Co. Polo a have a total
range of concordant 2°°Pb/238U ages that span from ~140 to 159 Ma
with average 206pp, /238y ages ranging from ~147 to 152 Ma (Fig. 4). A
summary of total analyses per sample, the number of analyses (n) used to
calculate an average age, and the corresponding mean squared weighted
distribution MSWD per sample is recorded in Table 1. A table of all the
analyses with the calculated percentage of discordance can be found in
the supplementary material.

Many samples have a low number of concordant analysis per total
number of spot analyses per sample (Supplementary). Combining 267
spot analyses for all 16 samples analyzed, roughly 50%, (138 analysis)
were concordant, giving a total of ~50% of concordant measurements.

5.1. Magmatic ages from eastern EQC samples

Zircon U-Pb crystallization weighted mean ages range from ~147 to
151 Ma for a total of five samples from the Pliegue Tumbado dome
(FR18.38, FR18.39, FR18.40 and FR18.43, FR18.44) (Figs. 4a and 5)
(Table 1). The three samples with 10 or more concordant analyses have
very similar average ages with two ages within error at 147.7 £ 1 Ma
and 147.4 + 1 Ma. The third is slightly older at 149.3 &+ 1 Ma. The three
remaining samples (FR18.16, FR18.41, and FR18.42) have a generally
smaller number of concordant ages per sample (<3 analysis), but still
record similar U-Pb ages ranging from 147.5 + 1 Ma to 153.0 + 3 Ma.
No trend with stratigraphic collection horizon is evident.

A sample from the lowermost Cerro Polo section (12SL71), which
directly overlies the metasedimentary basement of the Bahia de la
Lancha Formation, was analyzed for zircon U-Pb. The ignimbrite has
four concordant ages, from a total of 16 analysis. This sample provided a
weighted mean 2°6Pb/238U age of 152.4 + 2 Ma, which is calculated
from three of the analyses (Fig. 4b).
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5.2. Magmatic ages from western EQC samples

Three samples were taken from different rhyolites within the
intensely folded Andean belt of the Loma de las Pizarras (Fig. 2a).
Samples that lie outside of the contact aureole of the Fitz Roy igneous
complex (12SL28, 12PN74, 12SL38; Figs. 1b and 2a) yield concordant
ages of ~146-156 Ma. They are comparable to the ages obtained in the
Eastern, minor-deformed Andean foreland. Due to the complexity of
folding and faulting related to Andean deformation, it is difficult to
discern contact relationships between individual rhyolitic domes.
Nevertheless, based on structural reconstruction, we interpret that the
samples are from three different but adjacent domes. Sample 12PN74 is
towards the base of a dome, sample 12SL38 is within the middle of a
dome, while sample 12SL28 was collected on top of a rhyolite dome. In
total, three ages were calculated from these three samples which range
from 146.9 + 4 Ma (12SL28) to 151.2 + 2 Ma (12SL38) (Fig. 4b and
Supplementary).

Four samples were collected within the contact aureole of the Fitz
Roy igneous complex. All four samples yield ages of 150-151 Ma,
comparable to those of the others, even though they experienced high-
grade contact metamorphism and significant deformation. The sample
of Laguna de los Tres (FR021) yield a weighted mean 2°°Pb/238U age of
150.8 £+ 1 Ma from 13 analyses concordant analysis, giving a MSWD of
2.4 (Supplementary). An anomalously young age was obtained at 117
+ 8 Ma (Fig. 5d).

5.3. El Chaltén area xenocrystic zircon cores

In addition to the Late Jurassic zircon crystallization ages, xen-
ocrystic zircons with ages ranging from Middle Jurassic to Meso-
proterozoic were analyzed within the Pliegue Tumbado Dome (eight
samples) and in the rhyolite at Loma de las Pizarras (12PN74, Fig. 5C).
The most obvious indication for the presence of xenocrystic cores is a
distinctive change in CL intensity or pattern from core to rim (Fig. 6).
Three of the cores have pronounced dissolution textures that separate
the older core from the younger magmatic overgrowth. In other cases,
the growth from the core to the rim appears less obvious and uninter-
rupted, even where there are abrupt changes in age (the 460-470 Ma

Fig. 3. Characteristic cathodoluminescent images of the Jurassic-aged magmatic zircon in the EQC silicic volcanic units. Size of crystals are indicated by the LA-ICP-

MS spot size (35 pm). All analyses depicted are concordant.
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Pliegue Tumbado Dome
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Fig. 4. Summary of Jurassic concordant analyses for

A. 180 all El Quemado Complex units measured during this
[ study. (A) Pliegue Tumbado Dome and (B) six El
155 — FR18.16 FR18 42 Chaltén rhyolites and the basal Co. Polo ignimbrite;
:+ + + separated based on their location described in text.
w [ Black bar represents average age of each unit with
150
=3 [ corresponding error (grey bar). Samples which have
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Table 1

El Chaltén volcanic zircon U-Pb magmatic and inheritance ages by sample.

Sample Locality Latitude Longitude MSWD Magmatic Crystallization>°°Pb/238U Age (Ma) Inheritance?°°Pb/>*8U Age (Ma)
12PN74 Loma de las Pizarras —49.29843 —72.98443 0.6 150 £ 2 185+ 4

12SL38 Loma de las Pizarras —49.29910 —73.00045 1.2 151 + 2

12SL28 Loma de las Pizarras —49.28942 —72.97955 0.2 147 + 4

FR12L5 Cerro Madsen —49.26892 —72.99134 NA 151 +1

FR12H5 Laguna Sucia (at contact) —49.29282 —73.00857 10 150 + 5

FR12N7 Laguna Sucia —49.28875 —73.00503 25 150 £ 6

FR0721 Laguna des los Tres —49.28033 —72.99053 2.4 151 +1

12SL71 Cerro Polo —49.27632 —72.93695 0.1 152+ 2

FR18.16 Pliegue Tumbado Dome —49.34176 —72.92830 NA 152 + 2 281 + 4

FR18.38 Pliegue Tumbado Dome —49.34250 —72.92853 1.5 149+ 1 166 £ 3; 169 + 2; 206 + 2
FR18.39 Pliegue Tumbado Dome —49.34281 —72.92886 0.3 147 £1

FR18.40 Pliegue Tumbado Dome —49.34337 —72.92901 0.6 151 +1

FR18.41 Pliegue Tumbado Dome —49.16568 —73.19471 NA 148 +1 264 + 2; 267 + 2

FR18.42 Pliegue Tumbado Dome —49.34438 —72.93102 NA 153 £ 3 1303 +13

FR18.43 Pliegue Tumbado Dome —49.34438 —72.93102 1.5 148 +1 296 + 4; 463 +7; 476 + 4
FR18.44 Pliegue Tumbado Dome —49.34524 —72.92643 0.8 148 +1 177 £ 6

core with a 154 Ma rim). Only some of the cores appear to be signifi-
cantly rounded (Fig. 6).

Ten zircon grains with xenocrystic cores were analyzed from the
seven samples of the Pliegue Tumbado Dome (Table 1). Of 20 spot an-
alyses, 12 were concordant and have a wide range in 2°°Pb/?38U age:
166 £ 3,169 £ 2,177 £ 6, 185 £ 4, 206 £ 2, 264 + 2, 267 + 2, 281 + 4,
296 + 4, 463 + 7, 476 + 4, and 1303 + 13 Ma.

The span of inherited ages ranges from Late Jurassic to Meso-
proterozoic. All inherited zircons appear with magmatic overgrowths,
and all but one rim have overgrowths of Jurassic age (Fig. 6). In cir-
cumstances where rims are not analyzed, CL images reveal magmatic
oscillatory overgrowths. Almost all inherited cores analyzed have CL
patterns that represent magmatic growth. Only one single grain has a
core which shows a CL texture that lacks the typical magmatic oscilla-
tory zones. This core has two distinctive zones which are homogeneous
in CL; both zones within this single grain preserve the oldest age in this
study at 1.0 and 1.3 Ga, though the 1.0 Ga is slightly off Concordia
(Supplementary).

6. Discussion

We present the first extensive dataset for LA-ICP-MS zircon U-Pb
crystallization ages for multiple eruptive units in the El Chaltén area.
Here, we compare our determined ages with those previously reported
for the EQC, on a larger regional scale. We also discuss the significance
of inherited ages measured in the Pliegue Tumbado Dome, which are
combined with several additional igneous units of southern Patagonia to
help characterize the unexposed lower crust and basement.

6.1. Jurassic magmatic ages from the Chaltén region

Our new data suggest that the CASP volcanism in the El Chaltén area
occurred over a narrow time range of 147-154 Ma, with most of the
zircon crystallization ages occurring between 148 and 152 Ma. This is
consistent with ages reported by Malkowski et al. (2016) for the rhyo-
litic and submarine volcanic deposits of the Cerro Polo section (ca. 148
to 152 Ma). In both studies, the lowermost ignimbrite overlying the
Bahia de la Lancha is dated at 152 Ma. These data continue to establish
the EQC as the final volcanic episode of the Jurassic Chon Aike Silicic
LIP (Pankhurst and Rapela, 1995; Pankhurst et al., 1998; Riley et al.,



M.L. Foley et al.

data-point error ellipses are 68.3% conf.

0.036 7
Pliegue Tumbado Dome 220 A.
(FR18.38)
0032 |
- 0028 | 169
3
L
a -
0.024 |
g =]
140
0.020 f 7 (-
/
(.i
0016 L—A : :
0.09 0.13 0.17 0.21 0.25 0.29
nd
Loma de las Pizzaras C
0029 I (12PN74) :
180
0.027
2
b
L 0.025
el
o
©
Q
0.023
0.021
0.019 o
0.14 0.16 0.18 0.20 0.22 0.24

207Pb/235U

Journal of South American Earth Sciences 114 (2022) 103690

data-point error ellipses are 68.3% conf.

0.09 >
Pliegue Tumbado Dome 7 B.
| (FR18.43) g//
450
007 | //
-
@
&
8
T 005 ¢ 7/:
©
& L
250 .
003 | _
/*/ i
001 L :
0.1 03
0.028 | Laguna de los Tres
(FRO721)
0.026 |
- 0024 |
8
S 0022 +
o
8
& 0020 |
120
0.018 |
0.016 |
0ota L
009 041 043 015 017 049 0.1

207Pb/235u
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2001). However, we note that we obtain systematically younger U-Pb
ages than those previously reported by Pankhurst et al. (2000) for this
final (V3) episode.

The largest comparable dataset of in-situ ages for the EQC outside of
El Chaltén was generated by SHRIMP analysis (e.g., Pankhurst et al.,
2000). While we note that our samples are from a different EQC locality
— the closest locality is El Unién dated at ~155 My, ~100 km south of E1
Chaltén - our youngest ages calculated have a maximum difference of
~6 My compared to the youngest ages reported by Pankhurst et al.
(2000). However, more recent geochronology of rhyolitic domes of
similar young age (146.5 + 0.2 and 146.3 + 0.2 Ma; Poblete et al., 2013)
in the Chile Chico region using high precision dating by ID-TIMS gives us
confidence in the importance and robustness of the younger zircon U-Pb
ages for the El Quemado Complex (see also Malkowski et al., 2016).

Pervasive high-temperature alteration related to late-stage hydro-
thermal activity, in combination with the thermal effects relating to the
emplacement of the Fitz Roy intrusive complex, made dating the vol-
canic rocks of the EQC in the Chaltén region challenging.

Disturbances in the U-Pb system of the zircon crystals are evident by
the large proportion of discordant analysis within all samples analyzed
in this study. However, Rb-Sr and “Ar/3°Ar age estimates consistently
yield ages that are younger than those estimated with zircon U-Pb in the
EQC and CASP (e.g., Féraud et al., 1999; Pankhurst et al., 2000). The age
discrepancies between zircon U-Pb and the alkali feldspar and/or biotite
Rb-Sr and *°Ar/3°Ar studies reflect differences in the closure tempera-
tures of the isotope system whereby the younger age estimates given by
Rb-Sr and “°Ar/*°Ar commonly record low-temperature, gradual

closure due to post-crystallization hydrothermal equilibration (Riley
and Leat, 1999; Pankhurst et al., 2000). For the EQC, careful data
assessment is important, but zircon U-Pb geochronology remains as the
most reliable recorder of magmatic crystallization ages for volcanic
rocks in this region which have undergone variable processes of
alteration.

6.2. Inheritance documented by xenocrystic zircon cores

The preservation of xenocrystic cores within the EQC rhyolites in El
Chaltén provides important constraints on both the source of the silicic
magmas and on the timing of xenocrystic incorporation into the hosting
magma. The values of zircon oxygen isotopes in the El Chaltén area are
high for silicic rocks (>8%o 5'%0), indicating a significant crustal role in
the generation of many of these rhyolites dated during this study (Seitz
et al., 2018). Such high oxygen values are derived during partial melting
of the source protolith and less likely derived during upper-crustal
assimilation, as thermal considerations do not allow significant assimi-
lation of surrounding wall rock into a cooling magma body within the
upper crust (e.g., Glazner, 2007). Therefore, considering the elevated
oxygen isotope values of the EQC magmas combined with the thermal
limitations of assimilation, we favor the interpretation that xenocrystic
zircons are inherited from a mid-to lower-crustal source during crustal
anatexis.

The younger xenocrystic (potentially antecrystic; c.f. Miller et al.,
2007) Jurassic zircon ages (~165-185 Ma) in the EQC rhyolites of El
Chaltén overlap with the older magmatic episodes of the CASP in both
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MS spot size (35 pm). Xenocrystic grains which have discordant age analysis are also included to show the internal textures which often clearly indicate distinctly

different internal zonation, when compared to the younger overgrowths.

Patagonia and the Antarctic Peninsula (Pankhurst et al., 2000; Riley
et al., 2001, 2016). Similar igneous ages have not been documented in
the Chaltén area. The distance between the EQC around El Chaltén and
the oldest V1 (~181-188 Ma) units of the Marifil Formation of the North
Patagonian Massif (ca. 700 km) or the Brennecke and Mount Poster
Formations (ca. 1000 km during the Early Jurassic, cf. Riley et al., 2016)
of the Antarctic Peninsula, and the V2 (~160-170 Ma) Chon Aike For-
mation of the Deseado Massif (ca. 300 km) is large. Thus, it is unlikely
that the origin of the ~165-185 Ma ages in the Chaltén volcanic rocks is
directly linked to a spatial overlap with those magmatic centers.

At the latitude of El Chaltén (49 °S), xenocrystic zircons with ages of
approximately 165-185 Ma are found in similar aged (~150 Ma)
Jurassic rocks of the southern Patagonia Batholith (gneiss, gabbro, and
granodiorite). Hervé et al. (2007a) initially proposed a temporal, spatial
and genetic link between the granitoids (tonalite through granodiorite
compositions) of the Southern Patagonian Batholith and the rhyolites of
the EQC, based on overlapping ages and geochemical similarities (REE,
trace elements, 87Sr/%Sri and eNd;). However, intrusion ages of 185 Ma
have not been found in the Southern Patagonian Batholith. Neverthe-
less, the outcrops are difficult to access, and sampling of this vast area is
still largely incomplete despite the recent commendable efforts of Hervé
et al. (2007a).

In El Chaltén, it is possible that the ages ranging from ~165 to 185
Ma could represent the early onset of magmatism related to active
subduction. However, since is no strong clustering of a single age in this
range of xenocrystic cores in our dataset (~160-185 Ma), it is also
possible that these ages could represent the geochemical mixing of two
distinctly different zircon domains during the LA-ICP-MS analysis,
related to the spatial resolution and the cumulative volume of ablated
material. Therefore, without additional data, we cannot discern the
origin of these Early-Middle Jurassic ages.

Determining the probable source(s) of the older xenocrystic zircons

(ca. 200 to 1.3 Ma) is challenging due to the lack of exposures of rocks
with such age in the El Chaltén region. In many locations, the EQC un-
conformably overlies the Paleozoic EAMC basement, providing a
discontinuity where roughly ~250 Ma of geologic history is missing
(Giacosa et al., 2012a; Suarez et al., 2019a). Either the sources of xen-
ocrystic zircon cores are extremely limited at the surface and have not
been described as of yet, or they are not exposed at the surface and are
hidden due to extensional faulting and subsequent deposition. To
identify potential sources of inherited zircon, we first explore the loca-
tion and ages of available igneous and metasedimentary basement ex-
posures throughout southern Patagonia in the following section.

6.3. Review of the existing basement exposures in southern Patagonia

The igneous basement exposures are confined to the Deseado Massif
and Tierra del Fuego along the eastern edge of southern Patagonia. The
basement rocks in the west are predominantly metasedimentary (Fig. 7).
The oldest igneous basement rocks of southern Patagonia range from the
latest Proterozoic to the earliest Paleozoic and are the result of the initial
stages of the Terra Australis Orogeny (Cawood, 2005; Hervé et al.,
2010a), forming a fundamental silicic crustal component in southern
Patagonia. The oldest dated samples are from boreholes in the Mag-
allanes basement of Tierra del Fuego and the bordering regions of Chile
(Fig. 7). Cambrian granitoids that have been variably metamorphosed
into orthogneisses range from ~520 to 540 Ma (Sollner et al., 2000;
Hervé et al., 2010a). Similarly, the Dos Hermanos amphibolite from the
Rio Deseado Complex of the eastern Deseado Massif is ~540 Ma (Pez-
zuchi, 1978). The overlap of similar ages and compositions of the Dos
Hermanos amphibolite with one of the Magallanes orthogneisses sup-
ports the interpretation of the occurrence of widespread Cambrian mafic
calc-alkaline magmatism in southern Patagonia. Taken together with
rocks in central and northwestern Argentina, the overlap in age and
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Fig. 7. Present day southern Patagonia basement rock locations with corresponding ages as determined by zircon U-Pb studies. Publications by regions include: Rio
Deseado Complex (Pankhurst et al., 2003); Magallanes Basin (Pankhurst et al., 2003; Hervé et al., 2010a); La Modesta Formation (Moreira et al., 2013), Cerro Negro
Schist (Permuy-Vidal et al., 2014), the Eastern Andean Metamorphic Complex (Pezzuchi, 1978; Hervé et al., 2003; Augustsson et al., 2006), the Duque of York
Metamorphic Complex (Hervé et al., 2003; Calderon et al., 2016), the Nunatak Viedma Unit (Sudrez et al., 2019b), and the Cordillera Darwin (Hervé et al., 2010b).
**crystallization ages were determined from granitoid cobbles separated from a Permian-aged conglomerate and therefore do not represent in-situ ages.

compositions suggests an extended spatiotemporal link of the Early
Paleozoic Pampean orogenic cycle (~515-550 Ma) into southern Pata-
gonia (Sollner et al., 2000; Pankhurst et al., 2003, 2014).

The Rio Deseado Complex comprise the remaining older formations
exposed in southern Patagonia. Although not sampled in situ, two
granitoid cobbles sampled from a Permian conglomerate (La Golondrina
Formation) were dated at 476 + 4 and 472 + 5 Ma (Fig. 7). The large size
of the cobbles suggests that the source is nearby, though likely now
covered. The mid-Ordovician ages support the emplacement of granitic
magma within the eastern Deseado Massif (Pankhurst et al., 2003) that
was contemporaneous with the Famatinian magmatism of the Sierra
Pampeanas in central Argentina (Guido et al., 2004; Gonzalez et al.,
2011, 2018; Ramos and Naipauer, 2014; Rapela et al., 2018). The con-
sistency of overlapping ages combined with geochemical and isotopic
concentrations in granitoids from the North Patagonian Massif and the
Sierra Pampeanas further support the continuity of the Famatinian belts
into Patagonia, forming part of the Early Paleozoic margin of Gondwana
(Pankhurst et al., 2003, 2014).

The younger granites of the Rio Deseado Complex are of mid-Silurian
to Carboniferous age (425-344 Ma; Pankhurst et al., 2003) (Fig. 7). The
continuity of granitoids with similar ages in the eastern Deseado Massif
with a dominate north-west trend extending into the North Patagonian
Massif is taken to represent the presence of a widespread,
subduction-related magmatic-arc, which crosses obliquely across
southern Patagonia (Ramos, 2008; Moreira et al., 2013; Permuy-Vidal
et al., 2014).

The youngest plutonic exposure in southern Patagonia is the Leones

Pluton, dated at 307 + 10 Ma by K-Ar in muscovite (Fig. 7; De La Cruz
and Suarez, 2006; Rojo et al., 2021b). Positioned in the northern-most
sector of the EAMC (~46 °S), this plutonic suite is hypothesized to
represent the migration of arc magmatism from its early-Carboniferous
position in the Deseado Massif to a late-Carboniferous position within
the present-day Andean region. This migration in arc magmatism ulti-
mately results from the closure of the back-arc basin between the Ant-
arctic Peninsula and the Patagonian region, in response to the westward
drift of the Antarctic Peninsula relative to the late Paleozoic Gondwana
margin (Rojo et al., 2021a, 2021b).

Basement exposures younger than the Rio Deseado Complex have a
sedimentary origin and were later regionally metamorphosed. The
oldest metasedimentary units were probably deposited in a mid-Silurian
volcanic arc, the existence of which is indicated by diachronic mid-
Paleozoic forearc/foreland basin with clay and sandstone-clay marine
sediments in the La Modesta Formation and Cerro Negro Formation in
the east and turbidite sequences of the EAMC in the west (Moreira et al.,
2005; Permuy-Vidal et al., 2014; Suarez et al., 2019a) (Fig. 7).
Maximum sedimentation ages in the EAMC become younger as the
deposition progressed westward into the Chilean exposures; the youn-
gest maximum depositional age is 240 Ma (Hervé et al., 2003). At the
farthest extent of the western Andean border, maximum depositional
ages for the turbiditic succession of the Duque of York Metamorphic
Complex partially overlap with the easternmost samples of the EAMC
(~ca. 270 Ma; Hervé et al., 2003; Sepulveda et al., 2010) (Fig. 7). In the
southernmost Fuegian Andes (~55°S), the Cordillera of Darwin Meta-
morphic Complex has detrital zircon patterns that are comparable to
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those of the eastern domain of the EAMC (ca. 260-500 Ma, Hervé et al.,
2010b; Calderon et al., 2016).

Recently described outside of the Chaltén area are the youngest
metamorphic rocks of the Nunatak Viedma unit, with a maximum
depositional age of ~220 Ma (Suarez et al., 2019b). The dominance of
detrital zircon age peaks (e.g., comprising ~50% of the age spectra)
from Permian to Late Triassic require a proximal igneous source from an
evolving magmatic arc. Based on paleogeographic reconstructions, pri-
mary sources are sourced from either southern Patagonia, the Antarctic
Peninsula, or the Malvinas Islands (Suarez et al., 2019b).

Rojo et al. (2021b) depicts the depositional environment of the
EAMC positioned in a back-arc basin setting with the turbidite sequences
partially overlying oceanic crust (see Fig. 13 in Rojo et al. (2021b),
suggesting the extent of the oldest crystalline basement in the Deseado
Massif is extremely restricted. This configuration would imply that the
lower crust starting from the Carboniferous plutonic units in the
Deseado Massif extending until the present-day Andean coastal position
is largely comprised of metamorphosed basaltic sequences underlying
the turbidites of the EAMC (Fig. 7). This interpretation provides as a
possible configuration for the Andean lower crust; in the following

sections, we explore the possibility of other configurations based on the

available zircon xenocryst data.

6.4. Inherited xenocrystic zircon cores of southern Patagonian igneous
units
Zircon’s ability to record the timing of crustal events depends on

zircon saturation that results in the precipitation of new magmatic
zircon, the re-equilibration of pre-existing magmatic zircon during a

45°s — s
( N

. ' s~ . De

. ) Perifo h N ~S.eado
¢ Moreno : ’

. “Chpn Aike Fm

47°S — /\\ :
2{3 p‘oCen’p Pampg

Adakite i

< \ ‘:

9%1 SN

SPB Granodiorite
49°S —

ElChaltén
deac
Ay

5 2
OTorr

N
N
N
N

SPB Granite
SPB Tonalite

SPB Gneiss
! del Paine

51°S =—
SPB Granite

&
;
/
/
h
/
/
/
/
:
'
:
'
h
H
H
H
|
\
.
.
H
:
H
H

55°S —
0

DM@Rio Deseado Granitoids

Journal of South American Earth Sciences 114 (2022) 103690

metamorphic event, or the precipitation of new metamorphic zircon.
Using inherited zircon age populations in a given region provides insight
into unexposed portions of the lower crust when it is incorporated into
younger magmas that do become exposed (e.g., Miller et al., 1992; Bryan
et al., 2008; Farina et al., 2018). Our analyzed xenocrystic ages pre-
served in the EQC rhyolites, when compared with a compilation of
published xenocrystic ages documented from volcanic and plutonic
rocks (Cenozoic to Paleozoic crystallization ages) throughout southern
Patagonia, show that magmatism was continuous from the early
Paleozoic until present day. All studies included in this summary use an
in-situ method (LA-ICP-MS or SHRIMP) for zircon U-Pb ages, and
therefore are comparable datasets.
There is considerable overlap in inherited zircon age spectra between
the Pliegue Tumbado Dome (El Chaltén) with those of other igneous
rocks found throughout southern Patagonia. Various sources include
(Fig. 8): (1) the Miocene Cerro Pampa adakite (Kay et al., 1993; Orihashi
et al., 2013); (2) calc-alkaline plutonic bodies of the Miocene Torres del
Paine; (Miintener et al., 2018); (3) other Jurassic volcanic rocks exposed
within the CASP (Pankhurst et al., 2000; Moreira et al., 2009; Malkowski
etal., 2016; Muller et al., 2021); (4) numerous Jurassic granitoids of the
Patagonia batholith (Hervé et al., 2007a); (5) the Permian granites and
granodoirites in Tierra del Fuego (Castillo et al., 2017); (6) the Paleozoic
granitoids of the Rio Deseado Complex (Pankhurst et al., 2003); and (7)
two crystalline basement samples in the Magallanes Basin of Tierra del
Fuego (Hervé et al., 2010a). Units that contain xenocrystic zircons range
age from the 12 My Cerro Pampa adakite to the ~470 My granitoids of
the Rio Deseado Complex and cover a broad range of compositional
variability. There is no obvious correlation between age or composition
and the prevalence of preserved xenocrystic zircons.

4 Fig. 8. Schematic of southern Patagonia showing the

' corresponding localities of igneous rocks which host

xenocrystic (inherited) zircon ages. The three yellow

areas separate the main regions based on current

basement rock exposures and their relation to the

Paleo-Pacific Gondwanan margin: the Paleozoic

igneous basements of the Deseado Massif (DM) and

" the Magallanes Basement (M) of Tierra del Fuego, and

oY the (meta)sedimentary cover of the Paleo-Pacific

Gondwanan margin (greater Andean region) which

is intruded by the younger Mesozoic to Cenozoic

igneous units. Source publications per igneous unit
are detailed in the text.

10
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We compare the various sources of documented zircon inheritance
and age spectra frequency of three separate regions: the paleo- Gond-
wanan continental active-margin (present day Andes), the Deseado
Massif, and the Magallanes Crystalline basement (Fig. 8). These areas
are distinguished based on potential changes in contributing basement
source relating either to crystalline basement regions or the active Paleo-
margin of Gondwana. Separation between the Rio Deseado Complex and
the Tierra del Fuego region is made to show potential overlap in xen-
ocrystic ages between regions of known igneous basement sources and
the paleo- Gondwanan continental active-margin region, in which the
only known basement is metasedimentary.

Available inherited zircon age data preserved in the compositionally
and temporally different igneous units throughout the southern Pata-
gonia area is scarce because of the vast aerial extent of southern Pata-
gonia. Where xenocrystic ages have been reported, they are often not
fully discussed with respect to potential rock sources (e.g., Pankhurst
et al., 2000; Moreira et al., 2009; Hervé et al., 2007a; Malkowski et al.,
2016). Our new compilation of inherited ages reveals a clustering of age
groups (Fig. 9a).

The first group lies along the paleo-Gondwanan continental active-
margin. Here, the oldest known exposed basement is metasedimentary
and has an average depositional age of >250 Ma and older depositional
ages of >350 Ma recorded along the eastern Andean margin (Fig. 7).
This group also includes all the Cenozoic igneous units and almost all
Mesozoic (excluding the Permian Tierra del Fuego granitoids) which
preserve the youngest inherited zircon ages (<400 Ma) in addition to
sparse older inherited zircon ages age (400-1650 Ma) (Fig. 9b). The first
cluster of inherited ages in many of the igneous units are between 200
and 300 Ma (Fig. 9b). About 50 km east of the modern Andean margin,
the Cerro Pampa adakite preserves a copious number of inherited ages in
this range of Late-Triassic to Permian. The second cluster of ages found
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in many of the units is the 450-500 Ma. The third cluster, which is less
pronounced than the other clusters, is the 550-600 Ma age group and is
expressed in units that are found over a large areal extent in southern
Patagonia. Ages older than 600 Ma are rare and widely distributed, but
the oldest inherited ages measured in two units (the Chon Aike For-
mation and the Southern Patagonian Batholith, Pankhurst et al. (2000)
and Hervé et al., 2007a, respectively), range from 1601 + 20 to 1673 +
7 Ma (Fig. 9b).

The second group includes three granitoids of the Rio Deseado
complex in the eastern Deseado Massif (Pankhurst et al., 2003). In the
Dos Hermanos muscovite leucogranite (450 + 5 Ma), two analyses gave
ages of 653 + 7 Ma and 835 + 13 Ma (Fig. 9¢). Inherited age analyses for
two samples in the El Sacrificio granite (425 + 4 Ma, two mica-garnet
leucogranite) give 662 + 7 Ma, 831 + 9 Ma, 884 + 16 Ma, 1056 +
19 Ma, and 1317 + 24 Ma. Two inherited ages of 935 + 50 and 1014 +
14 Ma were analyzed in the granite cobbles (crystallization ages of
~454-472 Ma) sampled from La Golondrina Formation. No single age
group dominates the in the Rio Deseado Granites, but the older inheri-
tance ages (<1.3 Ga) indicate older crust beneath the eastern Deseado
Massif (Fig. 9¢). S-type affinities indicated by the peraluminous nature
(two-micas) of the granitoids within the Rio Deseado complex support a
crustal origin (Pankhurst et al., 2006).

The third group includes the Permian granitoids (~250-260 Ma;
Castillo et al., 2017) and two Cambrian-aged crystalline basement
samples in Tierra del Fuego (~515-540 Ma; Herveé et al., 2010a) (Fig. 7).
The Permian units are closely spatially correlated to the Magallanes
basement orthogneisses and include multiple inherited zircons of a
similar age, indicating melting of the Magallanes basement. The three
Permian granitoids in Tierra del Fuego record zircon inheritance of
510-660 Ma and 960 Ma (Fig. 9d) (Castillo et al., 2017). The dominance
of inherited ages ~520-550 Ma is likely linked to melting and/or
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Muller et al. (2021).
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significant assimilation of the Magallanes basement orthogneiss, while
the older age hints at a possible older underlying crust in the Tierra del
Fuego region. Elevated zircon oxygen isotope values (>8%o 5!%0) for
these three granites and the inherited zircon zones indicates a significant
crustal input into the generation of these granites (Castillo et al., 2017).
The Cambrian migmatitic granitoid sampled at Monte Aymond shows
peaks at ca. 950-1100 Ma and 560-650 Ma, suggesting the migmati-
zation and involvement of a Grenvillian and Brasiliano material in the
protolith (Hervé et al., 2010a).

6.5. Assessing the nature of the lower crust of southern Patagonia

Due to the lack of exposures and overall knowledge on the origin of
southern Patagonia, any robust assessment on the compositional spec-
trum and geologic history of the basement is much more complicated in
comparison to studies conducted worldwide in places where cratons are
the most probable sources of zircon inheritance (e.g., Cretaceous
Granitoids of Western USA, Miller et al., 1992; Sierra Madre Occidental,
Mexico, Bryan et al., 2008). Another challenge in determining the age
and configuration of the lower crust in the Andean region is the lack of
overlap between studies of the Deseado Massif and the igneous rocks of
the Andes which primarily focus on the Patagonian Batholith. Studies
concentrated on the Andes often illustrate the lower crust as a thick,
Paleozoic undifferentiated crust with no easterly connection to either
the Deseado Massif or the corresponding Northern Patagonian Massif (e.
g., Rolando et al., 2002; Hervé et al., 2007b; Fosdick et al., 2013; Ghi-
glione et al., 2019). In contrast, studies that focus on provenance of the
metasedimentary basement of the western Deseado Massif (La Modesta
or Cerro Negro Formation; Moreira et al., 2013; Permuy-Vidal et al.,
2014) or the Eastern Andean Metamorphic Complex (EAMC) (Hervé
et al., 2003; Augustsson and Bahlburg, 2003; Augustsson et al., 2006;
Augustsson and Balhburg, 2008) often interpret and describe the pri-
mary depositional environment of the sediments without further con-
siderations about composition or age descriptions of the crust that they
were deposited on.

Active magmatism from the Early Paleozoic until present day in
southern Patagonia is supported by both the known exposures of igneous
basement outcrops and widespread inheritance of older xenocrystic
zircons (Fig. 10). Although the compilation of xenocrystic data covers
time periods from Jurassic through Mesoproterozoic, we focus on the
three most prominent histogram peaks in the data for discussion: (1)
abundant Triassic-Permian (200-300 Ma) inherited zircons along the
Paleo-Pacific Gondwanan margin; (2) the existence of widespread Early-
Middle Ordovician to Cambrian inherited ages throughout southern
Patagonia (~460-540 Ma); (3) there is an older (~1.0 Ga) crust below
the Deseado Massif and the Tierra de Fuego region which may extend
beneath present-day Andes.

Current paleogeographic reconstructions orient the Antarctic
Peninsula along the southwest end of South American, forming the
southwest margin of Gondwana from late Paleozoic until early Mesozoic
(e.g., Pankhurst et al., 2003; Hervé et al., 2003; Hervé et al., 2006;
Calderon et al., 2016; Riley et al., 2016; Suarez et al., 2019a; Suarez
et al.,, 2019b; Navarrete et al., 2019; Riley et al., 2020; Bastias et al.,
2021). Considering this tectonic configuration and the correlation of
overlapping magmatic and tecto-metamorphic events between the two
regions, we include the Antarctic Peninsula as potential sources of
xenocrystic zircon from Permian until the Jurassic (Fig. 10a—c).

(1) Abundant Triassic-Permian (200-300 Ma) inherited zircons
along the Paleo-Pacific Gondwanan margin (Figs. 9b and 10b-c).
The presence of a well-developed magmatic arc related to
continuous subduction is supported by numerous Permian
through Triassic calc-alkaline intrusive bodies in Patagonia and
in the Antarctic Peninsula (Fig. 10b—c). The lack of subduction
related magmatism in the southern Andean region of Chile and
Argentina is proposed to result from the formation of an
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autochthonous terrain between South America and the Antarctic
Peninsula (e.g., Burton-Johnson and Riley, 2015; Navarrete et al.,
2019). The abundance of Triassic to Permian inherited ages
analyzed in Cenozoic igneous rocks in southern Patagonia reflect
this period of continuous magmatism along the Paleo-Pacific
Gondwanan margin (Fig. 10b-c).

During the Late-Triassic (200-220 Ma), authors have proposed the
existence of a segmented flat-slab to explain a possible inward migration
of subduction related magmatism exposed as granitoids in the eastern
Deseado Massif (~208 Ma La Leona granite; Navarrete et al., 2019) and
in the North Patagonian Massif (~202-220 Ma Central Patagonian
Batholith; Rapela and Pankhurst, 1992; 1996; Zaffarana et al., 2014) (e.
g., Navarrete et al., 2019; Bastias et al., 2021) (Fig. 10b). At the same
time, numerous igneous units oriented along the Andean margin pre-
serve copious xenocrystic zircons of 202-222 Ma ages (e.g., Cerro
Pampa adakite, EQC, and the Southern Patagonian Batholith). The
Nunatak Viedma unit provides a potential detrital source of Late-Triassic
to Permian (ca. 208 to 300 Ma; Sudrez et al., 2019b) ages for the
abundant xenocrysts analyzed within the EQC rhyolites (n = 13; this
study and Malkowski et al., 2016). However, due to the restricted extent
of this formation and the expansive spatial distribution of igneous units
with inherited zircons with these ages, it is unlikely that this formation
provided these ages for all igneous units considered here. Either the
Late-Triassic sedimentary basins in southern Patagonia are more
extensive than previously thought (e.g., Fig. 4 in Riley et al., 2020), or
these xenocrystic ages represent the position of arc magmatism associ-
ated with normal subduction, requiring an alternative explanation for
the sparsely exposed Late-Triassic granitoids in the eastern margin of
southern Patagonian (Fig. 10b).

The Early to Middle-Triassic (220-250 Ma) magmatic arc is estab-
lished in the Antarctic Peninsula (Millar et al., 2002; Flowerdew et al.,
2006; Riley et al., 2012, 2020; Bastias et al., 2020), but is not recorded in
Patagonia (Fig. 10b). Similarly, xenocrystic zircons of this age are less
abundant in southern Patagonia and are represented primarily in the
Cerro Pampa adakite (Orihashi et al., 2013).

The presence of Permian arc-related magmatism is extensive
throughout the western Gondwanan margin with numerous granitoids
in the North Patagonian Massif (ca. 250-295 Ma; Varela et al., 2005;
Pankhurst et al., 2006; Ramos, 2008; Castillo et al., 2017), Tierra del
Fuego (ca. 255 Ma; Castillo et al., 2017), and in the Antarctic Peninsula
(ca. 255-280; Millar et al., 2002; Riley et al., 2012) (Fig. 10c). Inter-
estingly, the igneous units are predominately Lopingian in age
(251-259 Ma), whereas the xenocrystic zircon in the Andean region of
southern Patagonia are of Cisuralian age (273-298 Ma). The EAMC and
the Duque of York metamorphic complex provide the most probably
detrital source of early Permian ages (Augustsson et al., 2006; Hervé
etal., 2010b; Sepulveda et al., 2010; Suarez et al., 2019a). Alternatively,
the early Permian xenocrystic ages along the Andean margin could be
sourced from a primary igneous source, representing a
subduction-related magmatic arc within the Andean region which is first
indicated by the late-Carboniferous Leones Pluton (ca. ~304 Ma; De La
Cruz and Suarez, 2006; Rojo et al., 2021b). The first indication of the
magmatic arc within the Antarctic Peninsula is represented by the oldest
early Permian granitoids dated at ~270 Ma (ca. 272 Ma diorite gneiss,
Riley et al., 2012).

(2) Early-Middle Ordovician to Cambrian xenocrystic ages are
widespread throughout southern Patagonia (~460-540 Ma).
Similar ages of inheritance suggest a common lower crustal
source (or, more likely, a shared tectonic history), which relates
particularly to igneous units in the Rio Deseado Complex and the
Permian Granitoids in the Tierra del Fuego region (Fig. 10e-f).
These ages parallel the two major orogenic cycles recorded
within South America along the western margin of Gondwana:
the Famatinian (~400-480 Ma) and the Pampean orogeny
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(~530-550 Ma) (Sollner et al., 2000.; Guido et al., 2004; Tobifera Formation), the South Patagonian Batholith, and the
Schwartz et al., 2008; Casquet et al., 2012; Weinberg et al., 2018; Cerro Pampa adakites.

Rapela et al., 2018). It is possible that contemporaneous mag- (3) Anolder (~1.0 Ga) crust below the Deseado Massif and the Tierra
matism of these two major orogenic cycles is recorded within the de Fuego region that may extend beneath present-day Andes.
lower crust of the Andean region of southern Patagonia and are Xenocrystic ages in the oldest igneous units of southern Patago-
now present as inherited zircons within the CASP (EQC and nia, including the Rio Deseado complex and the Magallanes
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Fig. 10. Simplified depiction of southern Patagonia magmatism (intrusive and extrusive) through time with the reconstruction of the Antarctic Peninsula depicted
from Jurassic through Permian times (geographic reconstructions based on Pankhurst et al. (2000) Hervé et al. (2003), Calderon et al. (2016), Navarrete et al. (2019),
Suarez et al. (2019a); Bastias et al. (2021), and references therein). See reviews in Sudrez et al. (2019a) for references to timing of orogenic events. (A) Widespread
CASP volcanism during the Jurassic with sparse Early Jurassic xenocrystic ages throughout the Andean region. Onset of subduction related magmatism within the
Southern Patagonian Batholith begins in the Late Jurassic. (B-C) The inheritance of Triassic to Permian xenocrystic zircons is primarily concentrated along the
western margin of southern Patagonia and correlates to active magmatism which is recorded in exposed in the in the Northern Patagonian Massif, Antarctic Peninsula
and Tierra del Fuego. Multiple sedimentary basins record detrital zircon of these ages, including the Eastern Andean Metamorphic Complex, the Duque of York
Metamorphic Complex, the Trinity Peninsula Group, and the Nunatak Viedma, 10D-E. A Mid to Late Paleozoic arc is represented by the Rio Deseado Granites.
Inherited ages of corresponding ages are present in the Tierra del Fuego granites and along the Andean margin which suggests for widespread Cambrian and
Early-Middle Ordovician magmatism. The westerly migration of the sediments in response to the Paleozoic arc is seen with the deposition of the La Modesta For-
mation in the east and the continuation in time towards the west with the later disposition of the sediments comprising the Eastern Andean Metamorphic Complex.
(F) Widespread Cambrian magmatism exposed as the granites in Tierra del Fuego and the metamorphism in the Deseado Massif region (Rio Deseado schist). (G)The
oldest, most abundant xenocrystic zircon of Neoproterozoic age are analyzed in the oldest exposed, Paleozoic basements of southern Patagonia. (H-I) Older xen-
ocrystic zircons of Mesoproterozoic age are found throughout southern Patagonia, but similarly old initial neodymium and hafnium depleted mantle model ages from
zircon studies support for the presence of a 1.2-1.6 Bya crust (references in text). Abbreviations: SA (South America), AP (Antarctic Peninsula), EAMC (Eastern
Andean Metamorphic Complex), TP (Trinity Peninsula Group), NV (Nunatak Viedma), DYMC (Duque of York Metamorphic Complex), CDMC (Cordillera Darwin
ll/Ietamorphic Complex), CN (Cerro Negro Formation), LM (La Modesta Formation).

crystalline basement, indicate an old crustal component ranging igneous source is close — or the grains are instead inherited from a deeper
from >800 Ma to 1300 Ma, with a prominent clustering of ages at magmatic source with limited dissolution.

1.0 Ga. However, ages older than 800 Ma are sparsely distributed To test the overall origin of these sparse older inherited cores (>800
throughout southern Patagonia in the younger igneous units, Ma), additional zircon isotopic studies using in situ techniques, pre-
with zircons dated in many of igneous units described above (the dominately oxygen and hafnium isotope studies, which provide isotopic
Pliegue Tumbado Dome, the Tobifera Formation, the Southern tracers on the source and origin, need to be applied to both the zircons in

Patagonian Batholith, the Cerro Pampa adakite, the Rio Deseado the metasediments of the La Modesta formation and the EAMC. This
granitoids (El Sacrificio granite) (Fig. 10f-g). With no single age would allow them to be compared to those inherited by younger

group dominating the dataset, it is difficult to correlate the ages magmatic rocks. In addition, future research which incorporates zircon
with a single geologic event. However, the inheritance of >1.0 Ga xenocryst data from the Antarctic Peninsula, the North Patagonian
zircons throughout southern Patagonia (Fig. 10h) agrees well Massif, and Malvinas Islands would provide additional spatio-temporal
with >1.0 Ga neodymium and hafnium depleted mantle model constraints on the evolution of the western Gondwanan margin.

ages which have been calculated across southern Patagonia from Magmatic events evidenced by outcrops of granitoids in the Rio
both igneous (CASP, Pankhurst and Rapela, 1995; Rio Deseado Deseado Massif and by inherited zircons with Silurian, Devonian, and
Complex, Pankhurst et al., 2003; Southern Patagonian Batholith, Carboniferous ages are consistent between southern Patagonia, northern
Hervé et al., 2007a; Permian Tierra del Fuego Granitoids; Castillo Patagonia, and west Antarctica. The consistency in ages throughout this
et al., 2017) and metasedimentary rocks (Rio Deseado Complex, vast region supports that these areas were autochthonous to the margin
Pankhurst et al., 2003). The combination of zircons of Grenvillian of Gondwana throughout the Paleozoic into the Mesozoic (Pankhurst
age and depleted mantle neodymium and hafnium model ages et al., 2003).

sourced throughout the Andean region and extending into the

Deseado Massif supports similar lower crustal rocks beneath 7. Conclusions

southern Patagonia at these latitudes (e.g., Ramos, 2010).
We present new U-Pb zircon ages (in-situ LA-ICP-MS) for 16 silicic

Based on the broad spread in ages and the similarity between the volcanic rocks from the El Quemado Complex in the region of El Chaltén.
igneous versus the metasedimentary rocks of the Andes which show a The obtained ages range from 147 to 153 Ma. Our results correspond to
typical “Gondwanan signature” (e.g., Herve et al., 2003; Suarez et al., the youngest episode of Jurassic volcanism in the Chon Aike Silicic LIP.
2019a), we also consider that ages ranging from >800 to 1600 Ma are We identify a series of inherited zircon cores.CL textures show that
sourced from melting of a widespread metasedimentary unit in the the inherited zircon cores are both igneous and metamorphic and are
lower crust (Fig. 10g-h). It is possible that the older xenocrystic ages characteristically overgrown by Jurassic magmatic rims. These xen-
present in the igneous units along the Paleo-Pacific Gondwanan margin ocrystic cores yield a large age range from 163 Ma to >1 Ga.
have been initially derived from melting of a lower metasedimentary The use of inherited zircon age populations in a given region can
source (e.g., EAMC or La Modesta) and that the detrital grains were provide insight into unexposed portions of the crust. We compiled data
derived by weathering and erosion of the oldest igneous units from the on xenocrystic zircons from various magmatic suites throughout
Deseado Massif and Tierra del Fuego. An argument against a (primary) southern Patagonia, including the Patagonian Batholith and the Deseado
metasedimentary source for xenocrystic zircon in the EQC from the El Massif, among others, to help identify and characterize unexposed
Chaltén region comes from the textures of the inherited cores: basement and/or lower crustal sections.

CL-imaging shows that the cores are not rounded and therefore do not The presence of inherited cores and a certain systematic age distri-
seem to indicate significant surface transport (Fig. 6). Permuy-Vidal bution in these magmatic suites both throughout the Andean and the
et al. (2014) concluded that any Devonian igneous sources (Rio Deseado extra-Andean regions supports the presence of old unexposed basement
Complex) of detrital zircons for the Cerro Negro Formation had to have (s). The oldest crust comprising the basement is likely >1.0 Ga, as
been transported approximately 200-250 km from the hypothesized suggested by the widespread existence of inherited cores together with
paleobasin, and zircons traveling this distance should be significantly published neodymium and hafnium depleted mantle model ages (Pan-
rounded and fractured. Considering a potential EAMC source for the khurst and Rapela, 1995; Pankhurst et al., 2003; Hervé et al., 2007a;
inherited zircon grains, we can follow the same line of arguments: if Castillo et al., 2017). Younger zircon inheritance ages are the result of
EAMC detrital grains are primarily sourced from the Rio Deseado past magmatic (and metamorphic) events of the Terra Australis Orogen.
Complex or secondarily sourced from erosion of the La Modesta For- The silicic volcanic rocks of the EQC studied here in El Chaltén
mation, then either transport was overall limited — which means these presents a special case for the study of inheritance because they appear
ages must be readily available for depositional source and the primary to reflect magmas generated in a crustal anatexis regime (Seitz et al.,
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2018). Understanding the nature of xenocrystic zircon by combining
both their age and geochemistry has the potential to help unravel the
complex history of basement blocks in southern Patagonia. To deduce
the role of zircon inheritance and overall incorporation of xenocrystic
grains into silicic magmas - including both the extrusive eruptions or
their intrusive counterparts — more systematic in situ studies that docu-
ment both core and rim analyses of large populations of zircons per
given sample are necessary. A combination of oxygen and hafnium
isotope and trace element analyses would further help to recognize
specific rock source contributions.
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