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ABSTRACT. Oceanic ridge subduction is known to generate anomalous magmatism before and during the opening of
the slab window. High Sr/Y intermediate magmas and slightly alkaline basalts with transitional arc-to-intraplate (OIB-like)
signatures have been reported worldwide in such tectonic settings. Southernmost South America has been affected by the
subduction of several spreading ridges from the late Oligocene to the present. Here we present new geochronological,
petrographic, geochemical, and isotopic data to evaluate the petrogenesis of two Lower Miocene volcanic units from
the Fuegian archipelago at ~56° S, formed during subduction of the Nazca-Phoenix spreading ridge. Comparison with
igneous suites related to subduction of the Chile Ridge (currently being subducted beneath central Patagonia at ~46.5° S)
reveals notable similarities in timing relative to slab-window formation and in chemical signatures. We interpret the
high St/Y chemistry as resulting from amphibole fractionation and delayed plagioclase crystallization at depth from
calc-alkaline melts, with input of terrigenous material via mantle contamination or lower-crust assimilation. The slightly
alkaline magmas reflect lower degrees of partial melting due to a different thermal structure of the slab-mantle wedge.

Keywords: Ridge subduction, Slab-window, Alkaline magmatism, High Sr/Y, Patagonia.

RESUMEN. Magmatismo bimodal mioceno en el Complejo Volcanico Packsaddle, Andes Fueguinos, extremo sur
de América del Sur: evidencias de subduccion de dorsales oceanicas. La subduccion de dorsales ocednicas genera
magmatismo andmalo antes y durante la apertura de la ventana astenosférica. En distintas partes del mundo, con este
contexto tectonico, se han registrado magmas intermedios de alto St/Y y basalticos ligeramente alcalinos con rasgos
transicionales entre arco e intraplaca (tipo OIB). El extremo sur de América del Sur ha sido afectado por la subduccion
de varias dorsales desde el Oligoceno tardio hasta el presente. Aqui exponemos nuevos datos geocronoldgicos,
petrograficos, geoquimicos e isotopicos para evaluar la petrogénesis de dos unidades volcanicas del Mioceno Inferior
del archipiélago fueguino (~56° S), formadas durante la subduccion de la dorsal Nazca-Phoenix. La comparacion
con series igneas relacionadas con la subduccion de la dorsal de Chile (actualmente en subduccion bajo la Patagonia
central, ~46,5° S) revela notables similitudes en su temporalidad respecto a la formacion de la ventana astenosférica y
en sus firmas quimicas. Interpretamos la quimica de alto St/Y como el resultado de fraccionamiento de anfibola y de la
cristalizacion tardia de plagioclasa en profundidad, a partir de magmas calcoalcalinos, con aporte de material terrigeno
via contaminacion del manto o asimilacion de la corteza inferior. Los magmas ligeramente alcalinos reflejan menores
grados de fusion parcial debido a una estructura térmica de la cufia mantélica distinta.

Palabras clave: Subduccion de dorsales, Ventana astenosférica, Magmatismo alcalino, Alto Sr/Y, Patagonia.
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1. Introduction

The chemistry of igneous rocks from subduction
settings typically follows a calc-alkaline differentiation
trend originating from basaltic primary melts (Wilson,
1989). Nevertheless, a variety of subduction-
related primary magmas belonging to different
magma series have been described (Schmidt and
Jagoutz, 2017). In tectonic settings where oceanic
spreading ridges are subducted, two distinct series
often coexist: slightly alkaline transitional magmas
derived from low-silica basaltic primary melts, and
magmas produced by andesitic primary melts, often
with high Str/Y ratios and following a subalkaline
trend (Yogodzinski et al., 2001; Gomez-Tuena
et al., 2018; Ramirez de Arellano et al., 2021;
Zhen et al., 2025).

Southern South America has been influenced by
the subduction of several spreading ridges from the
late Oligocene to the present. Miocene volcanic and
plutonic rocks with transitional (slightly alkaline)
composition have been reported between 47° and
50° S (Ramos and Kay, 1992; Gorring et al., 1997;
D’Orazio et al., 2004; Guivel et al., 2006; Corbella
and Lara, 2008). These rocks are roughly coeval
with high Sr/Y andesites (Kay et al., 1993; Ramos
et al.,2004; Orihashi et al., 2013). With ages from
12 Ma to present, they predate the opening of the
slab window associated with the subduction of the
Chile Ridge (Kay ef al., 1993; Ramirez de Arellano
etal.,2012,2021). Similarly, in southernmost South
America, at the latitude of Tierra del Fuego (55° S),
Miocene basaltic and andesitic rocks showing both
compositional types have been reported on the
continental margin of the Scotia Plate. They have
been grouped as the Packsaddle Volcanic Complex
(PVC) exposed on different islands of the Fuegian
archipelago (Suarez et al., 1985; Fig. 1). Available
geochemical data are however limited, and ages are
poorly constrained to ca. 18-21 Ma (K-Ar dating;
Puig et al., 1984). Regional palacogeographic
reconstruction indicates that the Nazca-Phoenix
spreading ridge has been located off Tierra del
Fuego since ca. 30 Ma (Eagles and Jokat, 2014),
implying a spatial and temporal relation between
the Nazca-Phoenix Ridge and the PVC.

Given these Patagonian occurrences linked to
the subduction of two different spreading-ridges,
it remains unclear whether the two magma types

formed simultaneously or reflect a magmatic
transition. It is also unclear which common conditions
favor their genesis. Here, we provide new data on
field relations of volcanic and volcaniclastic units,
petrography, geochemistry and geochronology of
the PVC to evaluate its petrogenesis and the causal
relationship of transitional (slightly alkaline) and
the high Sr/Y andesitic magmatism to spreading-
ridge subduction.

2. Tectonic and geologic setting

The subduction of several oceanic spreading
ridges occurred along the southernmost segment
of South America from the Palacogene to the
Neogene (Fig. 2). The Farallon-Phoenix Ridge
migrated southward relative to South America
from the Mesozoic and reached the Tierra del
Fuego region (~53° S) by the Oligocene Epoch,
at ca. 30 Ma (Pardo-Casas and Molnar, 1987;
Eagles and Jokat, 2014; Eagles and Scott, 2014).
Following the breakup of the Farallon Plate and a
major plate reorganization in the late Oligocene
(ca. 26 Ma), the Farallon-Phoenix Ridge became
known as the Nazca-Phoenix Ridge (NAZ-PHO)
and continued to be subducted beneath Tierra del
Fuego until ca. 20 Ma (e.g., Eagles and Jokat, 2014;
Eagles and Scott, 2014). Migration concluded with
the subduction of the triple junction between the
Nazca, Phoenix, and Antarctic plates, after which
two separate ridges were subducted (Eagles and
Jokat, 2014; Eagles and Scott, 2014; see figure 2).
The Nazca-Antarctica Ridge migrated rapidly
northward to its present position near the Taitao
Peninsula (~46.5° S) and is now referred to as the
Chile Ridge (Cande and Leslie, 1986; Pardo-Casas
and Molnar, 1987; Breitsprecher and Thorkelson,
2009). It is proposed that the Antarctic-Phoenix Ridge
(ANT-PHO) migrated southward, from ~54° to 57.5° S
along the southwestern margin of the Scotia Plate
(Eagles and Jokat, 2014; Eagles and Scott, 2014;
see figure 2). The separate subduction of the Chile
Ridge and the ANT-PHO Ridge produced distinct
structural and magmatic effects in their respective
segments of the margin. Ramirez de Arellano ef al.
(2021) proposed the terms Patagonian and Fuegian
domains, separated by the South America-Scotia
plate boundary at ~53° S, to describe the contrasting
chemical signatures in these two Andean segments.
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FIG. 1.Geological map of Packsaddle and Pacha islands and surrounding areas. A is after Suarez et al. (1985) with regional units
and locations of samples dated by Puig et al. (1984). B and C are lithological maps produced in this work, with location of
samples used for geochemistry and U-Pb SHRIMP zircon dating; schematic stratigraphic columns are shown to the right.
All ages in Ma.
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FIG. 2. Plate-tectonic evolution of the Fuegian region in southernmost South America after Eagle and Jokat (2014), showing subduction
of the Nazca (NAZ), Phoenix (PHO), and Antarctic (ANT) plates beneath the South America (SAM) and Scotia (SCO) plates
at 20, 16, and 12 Ma. The slab window (brownish red domain) follows Breitsprecher and Thorkelson (2009). The yellow circle
marks the study area: at 20 Ma it laid above the Phoenix Plate slab, whereas by 16 and 12 Ma it laid above the slab window.

In the Patagonian domain (north of 53° S),
Chile Ridge subduction at ca. 16 Ma is invoked to
explain rapid exhumation and development of the
Magallanes Fold-and-Thrust Belt (Ramos, 2005;
Stevens-Goddard and Fosdick, 2019; Muller et al.,
2024). In this segment, the exhumation exposes Lower
Miocene calc-alkaline plutonic rocks (Hervé et al.,
2007), where they crop out in ranges reaching up
to ~3,000 m a.s.1. (Nullo et al., 1978; Ramos, 2005;
Ramirez de Arellano et al., 2012). Plutonic rocks from
the batholith and satellite plutons record progressive
eastward arc migration during the Early Miocene
(Espinoza et al., 2010; Ramirez de Arellano et al.,
2012). During the Late Miocene, after 12 Ma, the
eastern Andes of Patagonia experienced ‘transitional’
magmatism, becoming increasingly enriched in alkalis
compared to the typical calc-alkaline products of the
batholith (e.g., Gorring et al., 1997; D’Orazio et al.,
2004; Guivel et al., 2006; Corbella and Lara, 2008).
Coeval (14 to 11 Ma) volcanic and subvolcanic
andesites with high Str/Y ratios (>20) have been
reported along this arc domain as well (Kay et al.,
1993; Ramos et al., 2004).

In the Fuegian domain (that is, south of 53° S),
Lower Miocene sedimentary and volcanic rocks
are still preserved, implying lower exhumation
rates with respect to the Patagonian domain. Suarez
et al. (1985) described two Miocene (Burdigalian)
volcanic units enclosed within the Packsaddle
Volcanic Complex (PVC). The sparse chemistry
of these rocks suggests that these two units could
resemble the alkaline-transitional and the high St/Y
rocks from the Patagonian domain (Puig ez al., 1984;
Ramirez de Arellano et al., 2021).

The PVC was studied by Hervé et al. (1984),
Puig et al. (1984), and Suarez et al. (1985), in the
context of a regional (1:250,000 scale) geological

study (Fig. 1A). The PVC unconformably overlies
deformed Upper Jurassic to Lower Cretaceous igneous
rocks and deformed sedimentary rocks related to the
Rocas Verdes marginal basin (Dalziel et al., 1974;
Suarez et al., 1985; Stern and de Witt, 2003; Calderon
et al., 2007). At some places, the PVC also overlies
Palacogene plutonic rocks from the Seno de Afio
Nuevo Group of Suarez et al. (1985), who described
two units of andesites and alkaline basalts. A PVC
andesite was dated at 21.4+0.2 Ma by K-Ar in whole-
rock (average of 21.4+0.2 and 21.4+0.4 Ma; Puig
et al., 1984; see figure 1A). These rocks crop out on
Hardy Peninsula (Fig. 1A) as isolated bodies and were
described as porphyritic andesites and volcanic breccias
(Suarez et al., 1985). Alkaline basalts cropping out
on Packsaddle Island were dated by K-Ar in whole-
rock at 18.5+0.2 Ma (average of 18.2+1.3, 18.5+0.2,
and 18.8+1.2 Ma; Puig ef al., 1984; see figure 1A),
indicating that they probably postdate the andesitic
rocks, although the contact relationship between these
two volcanic units was not reported.

In more recent fieldwork conducted by the
authors, volcanic and volcaniclastic rocks of the
PVC were studied at three localities: Packsaddle
Island, Pacha Island, and Hardy Peninsula on Hoste
Island (Fig. 1A). In a broad sense, the representative
lithologies are olivine-bearing basalts on Packsaddle
Island and hornblende-bearing dacites on Pacha
Island (Fig. 1B, C).

The outcrops at Packsaddle Island are mainly
composed of a 30 m-thick basalt layer, well
exposed along the southern side of the island, with
a characteristic colonnade structure (Fig. 3A).
Previous studies interpreted this body as a lava flow,
yet without providing a detailed description of its
contacts with adjacent rocks. In our study, newly
identified field relationships suggest that it may
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instead correspond to a hypabyssal intrusion, likely
a sill, emplaced within a succession of volcanic and
volcaniclastic rocks. The lower contact of the basaltic
unit is sharp and markedly irregular, truncating the
underlying volcanic breccia with a sharp cross-
cutting relationship (Fig. 3B). The breccia layers
have a minimum thickness of 20 m (Fig. 3C).
They are characterized by a pyroclastic matrix that
comprises up to 70 vol.% of the rock (60-80% lapilli
and 20-40% ash) and contain andesitic-dacitic clasts
and subordinate crystalline tuff fragments ranging
from a few cm to blocks over two m in diameter.
Abundant clasts of hornblende-bearing dacite, like
those from Pacha Island, are found in these breccias.
The volcanic rocks from Packsaddle Island are overlain
by an unconsolidated (Holocene?), fine-grained and
matrix-supported marine-lacustrine deposit (Fig. 1B).
This deposit contains subrounded polymictic clasts
(<5 mm size) and marine fossils, such as bivalves.

On Hardy Peninsula (Fig. 1A, B), lava flows,
breccias and subvolcanic dikes alternate with gabbros
and diorites of satellite intrusions of the Fuegian
Batholith. Volcanic rocks from the PVC could easily
be confused with the Jurassic rocks from the Hardy
Formation, which consist of intermediate to felsic
lavas and breccias.

The Pacha Island (Fig. 1C), located ~30 km
north of Packsaddle Island, is mainly composed of
hornblende-bearing dacitic lavas, with a characteristic
entablature structure, overlying deformed rocks of the
Yaghan Formation and isolated monzonitic plutons
of the Fuegian Batholith. Small outcrops (<10 m?)
of tuff can be observed at the base of the lavas.

Following Suarez et al. (1985) and the
recommendations of Ricci ez al. (1993), we propose
the name ‘Packsaddle Basalts’ for the olivine basalts
and volcaniclastic breccias of Packsaddle Island and
the isolated outcrops on Hardy Peninsula, and ‘Pacha
Dacites’ for the hornblende-bearing andesites and
dacites of Pacha Island and Hardy Peninsula. Both
units are part of the PVC. Schematic stratigraphic
columns with sample locations are shown in figure 1.

3. Methods

Forty samples from the PVC, including samples
from the Packsaddle and Pacha islands and the
surrounding areas, were petrographically analysed
under a Nikon Eclipse E200 polarizing microscope to
identify the texture and modal mineralogy of volcanic
(lavas, tuff and breccias) and subvolcanic rocks.

FIG. 3.Field observations on Packsaddle Island. A. Columnar
jointing in the main basalt sill. B. Detail of the contact
between the lower breccia and the overlying basalt,
showing the basalt crosscutting the breccia. C. Lower
pyroclastic breccia, which locally reaches up to 30 m
thickness; note the block sizes and distribution.
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New whole-rock geochemical data from nine
samples of the PVC are presented in Table 1. They
include two clasts of hornblende-biotite dacite
of the lower breccia from Packsaddle Island, an
olivine basalt from the same island, two dacites
from Pacha Island, and four samples from Hardy
Peninsula (two plutonic, a micro-gabbro and an
olivine basalt). These samples were analysed
for major and trace element compositions using
ICP-AES (inductively coupled plasma atomic
emission spectroscopy) and ICP-MS (inductively
coupled plasma mass spectroscopy) at Activation
Laboratories Ltd. (Actlabs) in Vancouver, Canada.
Different element ratios were used to classify the
volcanic units and evaluate petrogenetic processes
(see below).

A new U-Pb zircon age was obtained for a clast
of hornblende-biotite dacite of the Pacha Dacite
unit, from the volcanic breccia at Packsaddle Island
(sample FC2362-A), using SHRIMP I (sensitive high-
resolution ion microprobe) at the Research School
of Earth Sciences, Australian National University, in
Canberra, Australia. Analytical techniques essentially
follow those given in Williams (1998), comprising six
scans through the mass spectrum, with the Temora 1
reference zircon (Black ef al., 2003) used to calibrate
the U/Pb ratios. The data were processed using the
SQUID add-in Excel Macro of Ludwig (2000) and
corrections for common Pb made using the measured
B8U/%Pb and *"Pb/**Pb ratios following Tera and
Wasserburg (1972) as outlined in Williams (1998).
Results are shown in Table 2. Uncertainties in
weighted mean age calculations are reported at the
26 level. The geological time scale used follows
the Chronostratigraphic Chart 2022 by IUGS-ICS.

Sr and Nd isotope determinations of a dacite
breccia clast and an olivine basalt from Packsaddle
Island, one micro-gabbro from Hardy Peninsula, and
one dacite from Pacha Island were carried out at the
Geochronological Research Centre at Universidade de
Sao Paulo, Brazil (Table 3). Rock powders (100 mg)
were dissolved in Savillex beakers with HF and HNO,
on a hot plate for 5 days at 110 °C, dried down on a
hot plate, and the residue was dissolved in 6 M HCl
at 110 °C for 24 hours. The HCl solution was dried
down and converted to nitrates with concentrated
HNO,. Sr was separated using Eichrom Sr-Spec®
resin and eluted with 0.05 M HNO,. Nd was
purified using two steps of ion-exchange columns
with RE-Spec® and LN-Spec® resins; Nd was

eluted in 0.26 M HCI. The Sr isotope ratios were
determined on a Triton TIMS (thermo-ionization
mass spectrometer) in dynamic mode. The ratios
were normalized to #Sr/*¥Sr=0.1194, and the NBS987
standard analysed during this study gave a mean
87Sr/*Sr value 0f 0.710250+0.000018 (20). The Sr
blanks were about 128 pg. The Nd isotope ratios
were determined on a Thermo Scientific Neptune
multicollector ICP-MS. The ratios were normalized
to "“Nd/"*Nd=0.7219, and the "*Nd/"**Nd average
for the JNdi-1 standard analysed during this study
was 0.512197+0.000004 (20). The analytical blanks
were about 270 pg.

4. Results
4.1. Petrography of the PVC

The olivine basalts from Packsaddle Island
constitute the uppermost, larger, unit of the island.
They exhibit a pilotaxitic texture, with olivine and
plagioclase phenocrysts (Fig. 4A). The groundmass
occupies ~90% of the rock volume and consists
primarily of plagioclase (65%), minor pyroxene and
olivine microliths (5%), and glass (30%).

The lower stratigraphic unit observed at Packsaddle
is of pyroxene basalts located in the east of the island.
These basalts comprise cumulates of clinopyroxenes
and minor olivine in a microcrystalline groundmass
mainly composed of plagioclase microliths,
clinopyroxene, and glass. Breccias overlying the lower
basalts show variation in the size and nature of their
clasts, but all have a vitreous-crystalline matrix with
abundant clasts of porphyritic hornblende-bearing
andesites and dacites (Fig. 4B). The dated crystalline
tuff (FC2362-A) presents abundant crystals (~30%,
<Imm), mainly plagioclase, hornblende, and minor
biotite in a vitreous-crystalline matrix.

The two dacite samples (66 wt.% SiO,) from Pacha
Island exhibit a porphyritic texture, with 75-85%
groundmass, predominantly pilotaxitic, consisting
of plagioclase microliths, along with granular quartz,
and minor volcanic glass and oxides (Fig. 4C).
Phenocrysts are primarily hornblende and plagioclase
(3:1). Hornblende is subhedral (0.3-1.5 mm), in
some cases poikilitic, enclosing plagioclase crystals.
Conversely, euhedral to subhedral plagioclase
phenocrysts (0.3 to 1.0 mm) show Carlsbad twinning
and subtle compositional zoning. Sieve textures and
reabsorbed rims are common.
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Locality Packsaddle Island Pacha Island Hardy Peninsula

Sample N° FC2362-A FC2363 FC2360 11TU-5801 11TU-5808 2-42 686 FC2330 FC2332 FC2349 FC2351 FC2352 FC2354 3-13 3-12-¢ 3-14 3-15 182 523-1 1-51
Rock type Dacite clast Dacite clast Ol-basalt Basalt Basalt Basalt Basalt Dacite Dacite Micro-gabbro Diorite Gabbro Ol-basalt Basalt Andesite Andesite Dacite Dacite Dacite Dacite
Latitude 55,402 55,402 55,403 55,4 55,4 55,13 55,128 55,427 55,421 55,421 55,396

Longitude 68,080 68,080 68,138 68,1 68,1 68,289 68,287 68,114 68,111 68,111 68,138

Reference* This work This work This work R.2021 R.2021 P.1984 P.1984 This work This work This work This work This work This work P.1984 P.1984 P.1984 P.1984 P.1984 P.1984 P.1984
SiO, [wt.%] 66.18 64.81 50.21 49.89 49.22 49.67 50.21 66.02 66.07 51.55 57.80 45.11 50.02 49.10 62.94 62.58 63.53 67.02 64.18 57.27
TiO, [wt.%] 0.57 0.66 1.72 1.80 1.81 1.89 1.83 0.57 0.58 0.70 0.61 1.40 1.54 1.68 0.74 0.72 0.73 0.60 0.83 0.79
ALO, [wt.%] 17.47 17.74 15.56 16.04 16.30 15.97 16.03 16.69 16.46 17.05 18.32 16.77 16.41 17.06 18.77 18.87 18.92 16.93 17.75 18.15
FeO* [wt.%] 3.45 4.13 8.27 8.27 8.63 8.22 7.93 3.97 3.81 8.22 7.13 12.27 8.34 9.04 4.51 4.49 427 3.48 4.72 6.29
MnO [wt.%] 0.08 0.08 0.20 0.17 0.19 0.23 0.16 0.05 0.08 0.33 0.22 0.27 0.15 0.18 0.12 0.10 0.10 0.08 0.15 0.13
MgO [wt.%] 1.17 1.39 9.02 8.78 8.93 9.21 8.83 2.07 2.00 8.62 3.31 8.70 9.62 7.94 1.97 1.97 1.38 1.19 1.24 4.71
CaO [wt.%] 3.99 4.39 9.11 9.28 9.25 9.22 9.13 5.00 5.45 10.36 7.78 12.82 9.29 10.58 5.67 5.72 5.54 5.28 5.57 7.84
Na,O [wt.%] 4.17 4.68 3.85 3.73 3.60 3.63 3.85 3.82 3.79 2.60 3.25 2.13 3.13 3.31 3.94 4.20 4.28 3.78 3.92 3.65
K,O [wt.%] 2.72 1.94 1.47 1.53 1.51 1.41 1.52 1.63 1.59 0.35 1.40 0.26 1.01 0.77 1.14 1.13 1.14 1.49 1.55 0.94
P,0, [wt.%] 0.21 0.19 0.51 0.52 0.57 0.49 0.51 0.17 0.16 0.15 0.17 0.20 0.41 0.30 0.20 0.20 0.10 0.15 0.10 0.20
LOI [wt.%] 2.44 1.07 1.1 1.5 1.62 1.86 0 3.29 2.74 291 3.71 1.28 2.67 1.84 1.78 1.91 2.36 0 0 0.93
Original Total 97.51 98.79 97.64 100.30 100.40 96.50 98.58 96.10 97.67 98.98 94.56 98.37 97.43 96.15 97.00 96.96 96.24 100.42 96.92 97.76
Sc [ppm] 5 7 24 25 24 - - 8 8 31 15 50 26 - - - - - - -
V [ppm] 92 52 227 216 221 196 - 75 76 230 160 491 210 197 83 86 84 - - 126
Cr [ppm] <20 20 340 310 300 300 - 30 60 420 80 260 380 258 5 5 5 - - 181
Co [ppm] 9 9 37 38 37 - - 9 9 30 15 46 36 - - - - - - -
Ni [ppm] <20 <20 220 170 160 115 - 30 50 140 40 130 210 78 3 3 3 - - 91
Cu [ppm] 20 30 80 - - - 30 30 120 40 10 70 - - - - - - -
Zn [ppm] 50 40 60 70 70 - - 50 60 200 80 120 70 - - - - - - -
Ga [ppm] 17 17 16 - - - - 16 17 16 16 17 16 - - - - - - -
Ge [ppm] 1.2 1.3 1.2 - - - - 0.9 1.1 1.4 0.9 1.6 1 - - - - - - -
Rb [ppm] 82 49 21 18 18 16 - 51 55 6 26 3 11 11 35 35 37 - - 23

Sr [ppm] 570 607 923 873 946 914 - 598 656 393 493 314 823 961 714 695 721 - - 901

Y [ppm] 11 13 20 21 22 24 - 9 9 15 17 26 19 25 15 14 13 - - 15
Zr [ppm] 133 131 166 161 175 174 - 92 94 46 71 38 167 141 103 102 101 - - 87
Nb [ppm] 10 9 19 21 19 24 - 10 11 2 3 1 11 9 5 5 4 - - 7
Cs [ppm] 4.0 0.5 0.6 0.8 0.7 - - 1.1 2.5 0.6 1.8 0.6 0.3 - - - - - -

Ba [ppm] 745 730 566 513 574 469 - 496 500 181 648 71 293 425 490 497 509 - - 485
La [ppm] 20.8 21.1 284 29.2 29.8 30.0 - 14.5 14.9 55 7.1 4.0 21.8 23.0 5.0 7.0 6.0 - - 25.0
Ce [ppm] 38.7 36.8 55.9 58.7 59.5 - - 26.3 27.9 12.9 16.3 12.7 45.6 - - - - - - -
Pr [ppm] 4.02 3.84 6.15 6.68 6.83 - - 2.72 2.87 1.70 2.05 1.92 4.99 - - - - - - -
Nd [ppm] 15.3 15.8 26.7 26.1 25.9 - - 10.7 11.6 8.9 10.1 11.6 21.6 - - - - - - -
Sm [ppm] 2.55 2.62 4.81 4.78 4.97 - - 1.86 2.02 2.13 2.58 343 4.10 - - - - - - -
Eu [ppm] 0.76 0.88 1.43 1.67 1.80 - - 0.56 0.65 0.77 0.80 1.12 1.32 - - - - - - -
Gd [ppm] 2.14 2.42 4.17 3.88 4.15 - - 1.78 1.90 2.24 2.69 4.20 3.76 - - - - - - -
Tb [ppm] 0.34 0.40 0.66 0.67 0.67 - - 0.29 0.30 0.42 0.47 0.76 0.63 - - - - - - -
Dy [ppm] 1.97 2.19 3.82 4.02 4.07 - - 1.72 1.79 2.78 2.94 4.82 3.64 - - - - - - -
Ho [ppm] 0.39 0.42 0.71 0.75 0.76 - - 0.33 0.35 0.56 0.60 1.01 0.69 - - - - - - -
Er [ppm] 1.16 1.24 2.01 2.09 2.17 - - 0.98 0.95 1.72 1.95 2.99 2.03 - - - - - - -
Tm [ppm] 0.180 0.196 0.297 0.290 0.300 - - 0.135 0.145 0.261 0.310 0.423 0.293 - - - - - - -
Yb [ppm] 1.22 1.32 1.91 1.87 2.05 - - 0.86 1.00 1.72 2.16 2.76 1.94 - - - - - - -
Lu [ppm] 0.189 0.208 0.301 0.28 0.3 - - 0.132 0.161 0.251 0.327 0.436 0.315 - - - - - - -
Hf [ppm] 32 32 3.5 3.6 3.6 - - 2.1 2.5 1.3 1.8 1.3 3.5 - - - - - - -
Ta [ppm] 0.89 0.88 1.26 1.32 1.38 - - 0.89 0.93 0.13 0.20 0.06 0.81 - - - - - - -
TI [ppm] 0.52 0.14 0.11 - - - - 0.25 0.28 0.05 0.21 0.11 0.06 - - - - - - -
Pb [ppm] 18 19 7 18 7 - - 12 13 10 8 <5 6 - - - - - - -
Th [ppm] 8.34 7.66 4.44 4.31 4.06 - - 5.44 5.83 1.35 1.83 0.26 3.09 - - - - - - -
U [ppm] 2.81 2.3 1.1 1.11 1.09 - - 2.1 2.38 0.48 0.62 0.11 0.81 - - - - - - -
Mg#/100 0.38 0.37 0.66 0.65 0.65 0.67 0.66 0.48 0.48 0.65 0.45 0.56 0.67 0.61 0.44 0.44 0.37 0.38 0.32 0.57
K/Na 0.73 0.47 0.43 0.27 0.28 0.43 0.44 0.48 0.47 0.15 0.48 0.14 0.36 0.26 0.33 0.30 0.30 0.44 0.44 0.29
Sr/Y 50.4 47.1 46.6 42.4 422 38.1 - 65.7 69.8 26.4 29.0 12.3 43.5 38.4 47.6 49.6 55.5 - - 60.1
Rb/Ba 0.11 0.07 0.04 0.04 0.03 0.03 - 0.10 0.11 0.03 0.04 0.04 0.04 0.03 0.07 0.07 0.07 - - 0.05
Ba/Nb 76.8 81.1 29.9 24.0 29.6 19.5 - 50.6 44.2 113.1 249.2 71.0 26.4 47.2 98.0 99.4 1273 - - 69.3
Ce/Pb 22 1.9 8.0 33 8.5 - - 22 2.1 1.3 2.0 - 7.6 - - - - - - -
La/Th 2.49 2.75 6.40 6.77 7.34 - - 2.67 2.56 4.05 3.87 15.46 7.06 - - - - - - -

*It includes previously published data from P.1984 (Puig et al., 1984) and R.2021 (Ramirez de Arellano ef al., 2021); The table also includes the element’s ratios mentioned in the text.
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FC 2363 Breccia Clast (Packsaddle Is.) NX

E /'\\‘\'~/ ,"!.\
ol SRR N T

FIG. 4. Typical petrography of the Packsaddle Volcanic Complex.
A. Olivine-basalt, Packsaddle Island. B. Dacite clast from
the basal breccia, Packsaddle Island. C. Hornblende-
dacite, Pacha Island. Hbl: Hornblende; Plg: Plagioclase.
NX: Crossed nicols; NP: Parallel nicols. See figure 1
for sample locations.

4.2. Geochemistry of the PVC

New geochemical data are reported from nine
samples of basalts, andesites, dacites and intrusive
from Packsaddle Island, Pacha Island, and Hardy

Peninsula (Figs. 5 and 6; Table 1). The results are
combined with previously published data from the
PVC (Puig et al., 1984; Ramirez de Arellano et al.,
2021) and the integrated datasets are compared
with data for three Neogene igneous suites from the
Patagonia domain to the north of the studied area,
as defined by Ramirez de Arellano ef al. (2021).

The olivine basalts from Packsaddle Island show
alkaline to subalkaline affinities (Fig. SA) in a narrow
range of SiO, (47.2-49.5 wt.%), with high Mg#
(~66.5%), Ni~ 160 ppm (up to 220 ppm), Cr~ 320 ppm
(up to 380 ppm), and high concentration of TiO,
and P,O, (>1.5 wt.% and >0.3 wt.%, respectively).
Three samples reported by Puig et al. (1984) and two
samples reported by Ramirez de Arellano et al. (2021)
follow the same trends. In a multi-element diagram
normalized to Primitive Mantle (Fig. 6) these rocks
show an enrichment of large ion lithophile elements
(LILE). However, the preferential enrichment of
LILE over high field strength elements (HFSE),
typical of arc magmas, is not pronounced, as also
indicated by the low Ba/Nb ratios (<30, except one
at47; Fig. 5F). These rocks show positive anomalies
of Ti and P compared to heavy rare earth elements
(HREE) like Gd or Tb (Fig. 6). Only a subtle Pb
positive anomaly is observed (Ce/Pb >3; Fig. 6).
In terms of REE, these rocks also present a preferential
enrichment of light rare earth elements (LREE) over
HREE, with no Eu anomaly (Fig. 6). The (La/Yb),
and (Dy/YDb), ratios are moderately high (~9 and
~1.3, respectively), exhibiting a narrow variability.
In comparison with common arc-related magmas (e.g.,
South Patagonian Batholith and Southern Volcanic
Zone of the Andes; Hervé et al., 2007; Hickey-Vargas
et al. 2016), these rocks have low Rb/Ba, Ba/Nb
(<0.04 and <30, respectively; Fig. 5D, F), and high
Nb/U (>13.7), St/Y (>38; Fig. 5C), Ce/Pb (>3) and
La/Th (>6.4; Fig. 5E) ratios. These element ratios
indicate a signature intermediate between arc and
intraplate (OIB-like).

The dacites from Pacha Island share a common
signature with the dacite clasts from the pyroclastic
breccias at Packsaddle Island and the andesites and
dacites from Hardy Peninsula reported by Puig
et al. (1984). As shown in figure 5A, these rocks
display a subalkaline character, well below the line
separating alkaline from subalkaline fields, covering
a compositional range of 61 to 65 wt.% SiO,, 18.2
to 16.5 wt.% Al O,, TiO, <0.85 wt.%, P,0O, <0.25
wt.%, and relatively high Mg# (e.g., 57 at 57.3 wt.%
SiO,; 44 at 63 wt.% Si0O,). Notably, these rocks
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FIG. 5. Main geochemical features of Packsaddle Basalts (blue circles), Pacha Dacites (orange circles), plus two breccia clasts from

Packsaddle Island (orange tringles), and Hardy Peninsula intrusives. A. TAS diagram with alkaline-subalkaline limit (red line)
after Irvine and Baragar (1971). (TB: trachybasalt, B: basalt, BA: basaltic andesite, A: andesite, and D: dacite.) B. K/Na ratios
vs. silica. C. Sr/Y vs. Y. D and E show Rb/Ba and La/Th ratios vs. silica. F. Ba/Nb ratios vs. TiO, (high values correlate with a
HFSE negative anomaly; low TiO, denotes negative Ti anomaly relative to HREE; see also figure 6). Suites 1, 2, and 3 represent
the Neogene Patagonian magmatism north of 53° S (Ramirez de Arellano et al., 2021). Suite 1 (grey area) corresponds to the
Neogene calc-alkaline South Patagonian Batholith, exemplifying typical Andean magmatism; Suite 2 (yellow area) includes
slightly alkaline rocks formed immediately before the opening of the slab window; Suite 3 (green area) corresponds volcanic to
subvolcanic high Sr/Y andesites coeval with Suite 2. Note the similarities of Packsaddle Basalts with Suite 2 and Pacha Dacites
with Suite 3, as well as between the Packsaddle Basalts and the low-silica primary basalts (black frame rectangles) from the global
compilation of subduction-related primary magmas by Schmidt and Yagoutz (2017). Conversely, the Pacha Dacites correlate
well with the Archean TTG Suite (dashed black lines in panels B and C), as an ancient analogue of hot subduction magmatism.

exhibit low K/Na ratios (<0.5) comparable to the
Archean TTG suites (Fig. 5B). There is a clear arc-
like trace element signature, namely a preferential
enrichment of LILE over HFSE with a marked Nb-Ta
negative anomaly, high Rb/Ba ratios (>0.05), and
a well-marked Pb positive anomaly (Ce/Pb <2.2),
as shown in the multi-element diagram normalized
to Primitive Mantle (Fig. 6). In terms of the REE,
these rocks are preferentially enriched in LREE over
HREE, with a relatively high (La/Yb) and moderated
(Dy/Yb)_ ratios (~11 and ~1.2, respectively), like the
olivine basalts from Packsaddle Island, and a notable
absence of Eu anomalies (Fig. 6). As mentioned, the
most remarkable feature of these rocks is their high

St/Y ratios (>40; Fig. 5C), due to their relatively high
Sr contents (>570 ppm). Another feature of these
rocks is the Th and U higher than K and Rb when
normalized to Primitive Mantle (Fig. 6).

The signatures of the micro-gabbro (FC2349)
from Hardy Peninsula (51.6 wt.% SiO_; Mg# 65) and
the plutonic rocks from the same locality, differ from
those of the Pacha Dacites and Packsaddle Basalts
(Fig. 6). They display a subalkaline character and trace
element ratios (e.g., Ba/Nb >70; Sr/Y <40) similar
to those observed in most of the plutons from the
Patagonian Batholith and volcanic products of the
Southern Volcanic Zone of the Andes (Hervé et al.,
2007; Hickey-Vargas et al., 2016).
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FIG. 6. Multi-element (spider) diagrams normalized to Primitive Mantle (Palme and O’Neill, 2014) for representative samples from
Packsaddle and Pacha islands and Hardy Peninsula. Fields are shown for Neogene Patagonian Suites 1 (grey), 2 (yellow), and

3 (green), as in figure 5.

4.3. U-Pb zircon geochronology

Zircons from a hornblende vitreous-crystalline
dacite tuff fragment within the lower volcanic breccia
of Packsaddle Island were analysed. The sample
(FC2362-A) consists of crystals (30%; <lmm),
mainly plagioclase, hornblende, and minor biotite,
in a vitreous to crystalline matrix (70%). The breccia
is intruded by a basaltic sill and is thus expected to
record the age of explosive andesite-dacite volcanism
prior to the emplacement of the basalts. Twenty-two
zircons were analysed by SHRIMP U-Pb (Table 2).
Twenty-one grains yield a mean age of 20.5+0.2 Ma
(Fig. 7). One zircon yielded an age of ca. 104 Ma
and is presumed to be an inherited xenocryst.

0.09

MSWD = 0.87, probability = 0.62

Mean = 20.53+0.15 [0.73%] 95% conj
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FIG. 7. Concordia plot of zircon U-Pb SHRIMP data for sample
FC2362-A, a dacitic tuff clast from the basal breccia on
Packsaddle Island. The pale shaded ellipse is for analysis
22.1 (not used in the age calculation). MSWD: mean
square weighted deviation.

4.4. Isotope chemistry of the PVC

Sr and Nd isotope compositions of five samples
were determined (Fig. §; Table 3): two olivine basalts
and the dated dacite tuff clast from Packsaddle Island,
a dacite from Pacha Island, and a micro-gabbro from
Hardy Peninsula.

The two basalts yield indistinguishable initial
8Sr/%Sr (0.70392 and 0.70387) and "*Nd/'*Nd
(0.512870 and 0.512878; eNd; = +5.0/5.2) ratios.
The micro-gabbro (FC2349) from Hardy Peninsula

8
DMM © Pacha Dacite
A Breccia clast
6 @ Packsaddle Basalt
@ Hardy Peninsula intrusive
—_ [
% Patagonian Batholith
2 "
0 4
BSE .
Trench sedimeént;
-2 T T T
0.703 0.704 0.705 0.706
8751/,

FIG. 8.&Nd vs. ¥’Sr/*Sr diagram for the Pacha Dacites and
Packsaddle Basalts. The grey field represents the Patagonian
Batholith (Hervé et al., 2007), which corresponds to
Suite 1 (see figures 5 and 6). Isotopic composition from
Depleted MORB Mantle (DMM) according to Salters
and Stracke (2004). Trench sediments after Kilian and
Behrmann (2003). BSE: Bulk Silicate Earth isotopic
composition at present.
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TABLE 3. ISOTOPIC GEOCHEMISTRY OF THE PACKSADDLE VOLCANIC COMPLEX. CLAST (FC2362-A).

Sm Nd
[ppm] [ppm]

Sample Rock type YSm/'"“Nd *Nd/'“Nd

(NN, Rb
(=20 Ma)*

(F'Sr/*Sr),
(t=20 Ma)*

Rb/Sr  ¥Rb/*Sr ¥Sr/*Sr
[ppm] [ppm]

Packsaddle Island

FC2360 Ol-basalt 4.81 26.7 0.108918 0.512884
11TU-5801 Basalt 4.78 26.1 0.110727 0.512893
FC2362-A Dacite clast  2.55 15.3 0.100763 0.512762

Pacha Island
FC2330 Dacite 1.86 10.7 0.105096 0.512812

Hardy peninsula

Micro-
FC2349 iero 213 89 0.145512 0512870
gabbro

0.512870 5.0 21 923 0.02275 0.06580 0.70394 0.70392
0.512878 5.2 18 873 0.02062 0.05963 0.70389 0.70387
0.512749 2.7 82 570 0.14386 0.41608 0.70408 0.70396

0.512798 3.6 51 598 0.08528 0.24667 0.70453  0.70446

0.512851 4.7 6 393 0.01527 0.04415 0.70371 0.70369

*The initial ratios were calculated using the zircon age of ~20 Ma from the dacite tuff.

has a radiogenic signature similar to the Packsaddle
basalts (*’Sr/*¢Sr;=0.70369; eNdi=+4.7). The dated
tuff clast from the lower breccia on Packsaddle
Island shows a similar initial #”Sr/**Sr (0.70396) and
a lower initial "*Nd/"Nd (0.512749, eNd=+2.7)
compared to the basalts. The Pacha Island dacite
has the highest initial Sr/*¢Sr (0.70446), but a
comparable "*Nd/'"**Nd=0.512798 (¢Nd=+3.6) to
the dated dacitic clast.

5. Discussion
5.1. Petrogenesis of the Packsaddle Basalts

The low SiO, concentration of these rocks
(<50 wt.%), together with their high Mg# (up to
67), high concentration of Ni (up to 220 ppm) and
Cr (up to 380 ppm), and their uniform Sr and Nd
isotope compositions, suggests a mantle source of
magmas with little chemical differentiation or crustal
assimilation. Their transitional geochemistry between
alkaline and subalkaline affinities suggests low
degrees of melting, while their high FeO/MgO ratios,
at the boundary between tholeiitic and calc-alkaline
series, suggest less oxidizing conditions than for
the typical calc-alkaline magmas of the Patagonian
Batholith and lavas from the Southern Volcanic Zone
(Hervé et al., 2007; Hickey-Vargas et al., 2016).
Their trace element signatures, with transition from
arc-related to intraplate (OIB-like) affinities, suggest
important variation either in the mantle source or in
the thermodynamic conditions that generated these
magmas compared with “Andean” conditions.

Upper Miocene (<8 Ma) OIB-like basalts along
Patagonian and Antarctic Peninsula margins coincide
spatially with the current slab windows associated
with the Chile Ridge (Nazca-Antarctica Ridge) and
the Antarctic-Phoenix Ridge, respectively (e.g.,
Gorring and Kay, 2001; D*Orazio et al., 2004; Hole
et al., 2021, 2023). Hole et al. (2023) proposed
that they were generated from a source dominated
by pyroxenites instead of the peridotites of typical
arc mantle sources. In this model, the transitional
magmas of the Packsaddle Basalts could have been
generated from an intermediate source, due to a
shifting of the locus of mantle melting or due to
erosion of lithospheric mantle as proposed by Turner
etal. (2017). Their LILE patterns (e.g., with Cs and
RbD less enriched than Ba and K and low Rb/Ba; see
figures 5 and 6) would support a mixture between a
subduction-like and an OIB-like sources. Nevertheless,
other geochemical features of the Packsaddle Basalts
require explanation. The high concentration of REE,
consistently with relative enrichment in alkalis,
supports lower degrees of melting than for typical
calc-alkaline rocks. Likewise, the less oxidizing
conditions suggested by the high Feo/MgO ratios
would be consistent with the low concentration of
fluid-mobile elements such as Pb and U compared
to LREE (see figure 6), indicating a lower flux of
fluid from the slab. Finally, the high concentration
of HFSE, mainly Nb, Ta, and TiO,, compared to
LILE (as shown by the low Ba/Nb ratios; see figures
5 and 6), suggests decreasing stability of refractory
phases such as rutile, which is thought to be the
main carrier of these elements to the lower mantle.
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Considering that rutile is stable at pressures higher
than ~1.5 GPa and temperatures lower than ~1,000 °C
(for a system with 2% H,O; Xiong et al., 2005;
Skora and Blundy, 2010), its instability could be
related to warmer conditions during slab dehydration
(see figure 9) or melting of a lithospheric mantle
previously enriched. These conditions could indicate
an abnormal thermal regime induced by the presence
of the NAZ-PHO slab window immediately to the
north of this region. Similar conditions in the context
of Chile Ridge subduction allowed melt extraction
at intermediate degrees of mantle melting (Ramirez
de Arellano et al., 2021).

The isotopic composition of Packsaddle Basalts
resembles the less contaminated products of the
Patagonian Batholith (¥’Sr/*¢Sr=0.7038; eNd=5.0;
Hervé et al., 2007), confirming minimal crustal
anataxis and implying rapid ascent (see figure
8). The isotopic difference with respect to a depleted
MORB mantle, calculated at 20 Ma (*’St/*°Sr=0.70263;
Nd/"*Nd=0.51313; Salters and Stracke, 2004)
can be attributed to fluid-melt interactions with the
mantle wedge or to ancient enriched domains in the
lithospheric mantle.

5.2. Petrogenesis of the Pacha Dacites

The Pacha Dacites exhibit a clear arc-related
trace element signature with a notable enrichment
of LILE over HFSE, a negative anomaly of Ti, and
a positive anomaly of Pb (see figure 6). However,
they also present certain features that distinguish
them from typical arc magmas, namely low K/Na
ratios, relatively high Mg# (with respect to SiO,
concentration), relatively high Sr/Y and La/Yb
ratios, absence of Eu anomaly, and low HREE
concentrations (see figures 5 and 6). The high Sr/Y
together with the low K/Na ratios and the absence of
Eu anomaly can be attributed to a lack of fractionation
or delayed plagioclase crystallization, which is rare
for such evolved rock compositions. Experimental
and theoretical studies show that dissolved H?O in
the magma, and pressure, significantly influence
plagioclase stability and crystallization order in
mafic-intermediate systems (e.g., Goldsmith,
1982; Gaetani et al., 1993). Given the calc-alkaline
character and the abundance of hornblende in the
Pacha Dacites, the parent magmas must have had high
water contents. It is hard to make a precise estimate
of the pressure: high-pressure magma differentiation
is characterized by amphibole or garnet, either as a

fractionated phase or as a stable phase in the residue
(e.g., Davidson et al., 2007; Gao et al., 2023). These
two phases have high HREE partition coefficients
(K_>1): amphibole has similar K for all HREE from
Dy to Yb, whereas garnet has K (Yb)>>K_ (Dy)>1
(ibid.). The high La/YDb ratios observed in the Pacha
Dacites could indicate the effect of both minerals.
Nevertheless, despite the low concentration of HREE
(only two to three times that of Primitive Mantle),
the relatively low Dy/Yb ratios (see figure 6) argue
in favour of amphibole fractionation. The relatively
high Mg# at a given SiO. compared to a typical calc-
alkaline series may also be explained by amphibole
fractionation. Because of'its low SiO, concentration,
fractionation of amphibole would increase SiO, in
the residual melt more efficiently than clinopyroxene
(the other ferromagnesian candidate). The low La/Th
ratios (indicative of high Th concentration; see figure
5) observed in the Pacha Dacites, together with the
slightly less radiogenic Sr isotopic signature, suggest
some participation of crustal material, possibly from
sediment subduction, during melting in the mantle
wedge (see figure 8).

Partial melting of mafic rocks from the slab or the
sub-arc crust has been invoked to explain the genesis
of high Sr/Y rocks (e.g., Defant and Drummond, 1990;
Moyen, 2009; Yang et al., 2020; Zhang et al., 2021;
Wang et al., 2022; Xu and Chen, 2023). Conversely,
high-pressure experiments have shown that amphibole
fractionation and delayed plagioclase crystallization
can also generate high Sr/Y melts (Miintener et al.,
2001; Davidson et al., 2007; Alonso-Perez et al.,
2009; Nandedkar et al., 2014, 2016; Gao et al., 2023).
It has also been proposed that the parental magmas
for these suites could be mantle-derived high-Mg
andesites (HMA) resulting from re-equilibration
of basaltic melts in the upper section of the mantle
wedge (Schmidt and Jagoutz, 2017).

Despite the sparse sampling, the absence of
mafic (basaltic) members with the trace-element
characteristics of the Pacha Dacites, combined
with the relative homogeneity of trace-element
ratios for andesites to dacites (60-65 wt.% SiO,),
suggests that their parental melts were intermediate,
probably high-Mg andesites. Because there is no
evidence for garnet involvement in the evolution
of the Pacha Dacites, we favour a deep fractional-
crystallization model from an intermediate parent
magma, characterized by amphibole fractionation with
delayed plagioclase crystallization. Differentiation
may have been accompanied by some mid- to lower-
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crustal assimilation to account for the elevated Th
concentrations and isotopic signature of the Pacha
Dacites (see figures 5, 6, and 8). The interpreted
deep fractional-crystallization process means that
upper-crustal contamination is unlikely. Mantle-
derived contamination, either via metasomatism with
subducted sediments or melting of a heterogeneous
lithospheric mantle, cannot be ruled out. Testing
in detail any of these hypotheses falls outside the
scope of this work, and a detailed isotopic study
would be required.

5.3. Time, spatial and geochemical relationship

The available time constraints and the lack of any
evidence for a mixing trend between the signatures
from Packsaddle Basalts and Pacha Dacites suggest
two discrete volcanic events rather than coeval
bimodal magmatism or a continuous variation in the
melting mechanism: we rather propose intermediate
volcanism dominated by high Sr/Y andesites and
dacites, later followed by olivine-bearing basaltic
magmas. This is consistent with the new U-Pb zircon
age (20.5+0.2 Ma) and the previous K-Ar dating of
2140.2 Ma for a dacite and 18.5+0.2 Ma for the olivine
basalts (Puig et al., 1984). The distinctive geochemical
characteristics of the Pacha Dacites are also observed
in the breccia clast from Packsaddle Island and the
andesite-dacites from Hardy Peninsula reported by
Suarez et al. (1985). In contrast, the micro-gabbro
(FC2349) and associated plutonic rocks from Hardy
Peninsula do not match either the Pacha Dacites or
the Packsaddle Basalts, and it could correspond to an
even earlier magmatic event. No field relationships
have been observed among these three units aside
from the breccia on Packsaddle Island.

Given the age established, a causal relationship
between PVC magmatism and the subduction of
the NAZ-PHO spreading ridge is feasible. Tectonic
reconstruction shows the correspondence between the
location of the PVC and the slab window generated by
the NAZ-PHO ridge (Breitsprecher and Thorkelson,
2009; Eagle and Jokat, 2014; Eagles and Scott, 2014)
(Fig. 2). Despite the fast motion (>10 km/Myr) of
the Nazca and Phoenix plates with respect to the
South American plate at 20 Ma, the low relative
velocity between these two oceanic plates generated
a narrow E-W oriented slab window below the
Fuegian domain (Scotia Plate) to the north of the
PVC (Fig. 2 left panel; Fig. 9). At that time, the high

Sr/Y intermediate magmas were erupted above the
slab corresponding to the Phoenix Plate. Between
20 and 16 Ma, subduction of the Nazca-Phoenix-
Antarctic triple junction widened the slab window,
ultimately leaving the PVC above it. This implies
that, during emplacement of the Packsaddle Basalts,
the last fluids and melts from the Phoenix Plate were
injected into the mantle wedge at sub-arc depths.
Because subduction was highly oblique, the northern
edge of the Phoenix Plate moved nearly parallel to
the margin beneath the arc, supplying the subduction
component during that interval (see figures 2 and 9).
This was likely accompanied by an anomalously high
thermal gradient caused by the continuous presence
of the slab window immediately to the north.

Pacha Dacites (20.5 Ma)
SW NE

Packsaddle Basalts (18.5 Ma)
Sw NE

22| Rutile stability zone
_ — " Isotherm
----- Isobar 1.5 GPa

FIG. 9. Schematic subduction profile along a SW-NE section
perpendicular to the margin in the Fuegian domain, where
Packsaddle Island is located, at the time of formation of
the PVC. Because the Phoenix-Scotia convergence vector
is almost parallel to the margin (see figure 2), the Phoenix
slab appears effectively stationary beneath the arc,
whereas the Nazca slab is migrating slowly northward.
Before the opening of the slab window beneath the arc,
the 1,000 °C isotherm splits toward both slabs, promoting
rutile destabilization and the transfer of Na-Ta into the
mantle wedge.
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Comparison with magmatic suites produced during
subduction of the Chile Ridge in the Patagonian domain
north of this region reveals striking similarities. Five
suites have been recognized before, during, and after
opening of the Chile Ridge slab window (Ramirez
de Arellano et al., 2021). Three of these suites are
considered here for discussion. The first suite is
“normal” medium-K calc-alkaline, recorded in the
batholith and satellite plutons (Hervé et al., 2007,
Ramirez de Arellano ef al., 2012). The second suite is
“transitional” magmatism that becomes progressively
richer in alkalis as the slab window approaches,
marking a shift from typical arc signatures toward
intraplate-like compositions (e.g., Gorring et al.,
1997; D’Orazio et al., 2004; Guivel et al., 2006;
Corbella and Lara, 2008). Coevally, the third suite
corresponds to volcanic and subvolcanic andesites
with high Sr/Y ratios, previously reported along the
arc domain (Kay et al., 1993; Ramos et al., 2004).
These three suites correlate well with the PVC
sub-units (see figures 5 and 6).

The plutonic rocks from Hardy Peninsula can
be interpreted as a mafic member of the Palacogene
Seno de Afio Nuevo Group defined by Suarez et al.
(1985). The micro-gabbro sample FC2349 from Hardy
Peninsula also exhibits a signature consistent with
“normal” medium-K calc-alkaline Suite 1. However,
in the absence of stratigraphic or geochronological
constraints, its origin remains ambiguous: it could
belong to a younger Neogene volcanic unit or
represent a Palacogene dike crosscutting the folded
Jurassic to Cretaceous successions. Ifit is a Neogene
volcanic unit, it would constitute the third (and oldest)
member of the PVC.

The chemistry of the Pacha Dacites conforms
to the calc-alkaline series, but with characteristic
high Sr/Y, low K/Na ratios (Fig. 5B, C), relatively
high Mg# for a given SiO,, and low concentrations
of HREE (Dy to Lu; see figure 6). These features
closely resemble Suite 3 of the Patagonian domain
(Figs. 5 and 6). On the other hand, the transitional
signatures of the Packsaddle Basalts fit well
with Suite 2 (Figs. 5 and 6). Their alkaline to
subalkaline character, with FeO/MgO ratios near
the tholeiitic-calc-alkaline boundary and transitional
trace-element ratios, intermediate between
arc-related and intraplate (OIB-like) signatures, are
also characteristic of subduction-related primary
melts termed “low-SiO, basalts” (Schmidt and
Jagoutz, 2017; see figure 5).

One crucial observation is that, whereas in the
Patagonian domain, associated with subduction
of the Chile Ridge, the transitional magmatism
occurred coevally with the high Sr/Y andesites, in
the Fuegian domain, associated with subduction of
the NAZ-PHO ridge, field observations and available
geochronology indicate that the Sr/Y andesite-
dacites occurred slightly before the transitional
basaltic magmatism. Nevertheless, in both cases a
more detailed geochronological study is required
to precisely determine the lifespans and the relative
timing of the magmatic episodes.

5.4. Bimodal arc-like magmatism related to
oceanic ridge subduction

Several features of the Pacha Dacites and
Packsaddle Basalts can be attributed to the subduction
of the NAZ-PHO ridge and the approach of the
related slab window to the sub-arc depths. Despite
the differences between them, their similar REE
patterns (relatively high La/Yb and low Dy/Yb)
suggest that their primary melts formed at comparable
depths, above the garnet-lherzolite stability field.
Very little interaction with the continental crust for
the Packsaddle Basalts is shown by their primitive
geochemical and isotopic features. In the case of the
Pacha Dacites, their chemistry implies deep-seated
fractionation. Therefore, their isotopic signature can
be attributed to minor lower crustal contamination
or source contamination. Low interaction with
the mid to upper continental crust and therefore a
rapid ascent is suggested in both cases, which can
be attributed to an extensional regime triggered by
the NAZ-PHO spreading ridge at sub-arc depths
(Fig. 9).

The contrasting alkalinity of these two PVC units,
together with their different concentrations of REE,
implies substantially different degrees of mantle
melting. The subalkaline magmatism of the Pacha
Dacites is typically associated with high degrees of
mantle melting, due to metasomatism of the mantle
wedge, and is consistent with high concentrations
of fluid mobile elements like U and Pb. An alkaline
magma series, such as the Packsaddle Basalts, implies
lower degrees of partial melting, concentrating
alkalis and other incompatible elements like REE,
but lower U and Pb anomalies. The lower melting
degrees inferred for the Packsaddle Basalts could
be attributed to a rise of the mantle solidus caused
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by a progressively decreasing flux of slab-derived
fluids and melts. This interpretation is consistent
with the tectonic setting, given that the subducted
Phoenix Plate supplied its final fluid-melts prior to
the opening of the NAZ-PHO slab window and the
cessation of arc magmatism (see figure 9).

Finally, the trace-element signature of the
Packsaddle Basalts, notably the attenuated negative
HFSE anomaly relative to LILE, as shown, for
instance, by the low Ba/Nb ratios (<30), suggests an
anomalously high thermal gradient. HFSE enrichment
is commonly attributed to mantle re-fertilization at
intraplate mantle sources, where elevated temperatures
destabilize rutile (e.g., Zheng, 2019). The Packsaddle
Basalts chemistry suggests that Nb and Ta were
released into the mantle wedge while fluids/melts were
still acting as metasomatic agents at sub-arc depths.
This may reflect early destabilization of refractory
phases, like rutile or clinohumite, in metasomatized
domains at the slab-mantle interface. Enhanced heat
flow from a nearby slab window, as observed in the
Chile Ridge case (e.g., Sanhueza et al., 2023), could
raise temperatures at the slab-mantle interface above
typical values (e.g., Syracuse et al., 2010), allowing
metasomatism to proceed under conditions where
rutile is not stable (pressures < 1.5 GPa or temperatures
<1,000 °C; Xiong ef al., 2005; Skora and Blundy,
2010; see figure 9). Further detailed study of these
magmas would improve constraints on thermodynamic
conditions and metasomatic processes from sub-arc
to greater depths.272

6. Conclusions

This study documents a bimodal magmatic
association in the Packsaddle Volcanic Complex (PVC)
through the integration of U-Pb zircon geochronology,
whole-rock geochemistry, and Sr-Nd isotopic data.
U-Pb dating of a dacitic clast (20.5+0.2 Ma) confirms
the Early Miocene (Aquitanian-Burdigalian) age of
high Sr/Y intermediate magmatism. Field observations
demonstrate that this magmatism preceded mildly
alkaline basaltic activity, indicating a temporal
evolution rather than coeval bimodal volcanism.

The Pacha Dacites in the PVC show calc-alkaline
signatures with high Sr/Y ratios and low HREE
contents, consistent with deep differentiation
of hydrous intermediate magmas dominated by
amphibole fractionation. In contrast, the Packsaddle
Basalts represent relatively Primitive Mantle-derived

melts, characterized by low SiO:, high Mg#, and
transitional arc to intraplate geochemical affinities.
Their Sr-Nd isotopic compositions indicate limited
crustal assimilation. These contrasting magmatic
suites reflect a shift in the thermal and geodynamic
regime of the subduction zone. Early intermediate
calc-alkaline magmatism formed under conditions
with strong slab-derived input, whereas later basaltic
magmatism records reduced slab influence, lower
degrees of melting, and higher thermal gradients.

We interpret these magmatic suites as the result
of ridge subduction and slab window development,
which modified the thermal structure of the mantle
wedge and resulted in a shift from arc-like to more
intraplate-like compositions.
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