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Abstract

The Eastern Andean Metamorphic Complex at Peninsula La Carmela (48°50°S) consists of quartz-rich metaturbiditic
sequences with tectonic slices of pillow metabasalt bodies deformed under low-grade metamorphic conditions. Previous and
new detrital zircon U-Pb geochronological data from metasandstones indicate a preferred early Carboniferous maximum
depositional age of the protolith, interpreted from the youngest single zircon grains of several metasedimentary rocks in the
area. The wide spectrum of zircon ages from Peninsula La Carmela, includes Neoproterozoic-early Paleozoic components
and subordinate ancient zircon grains (>2200 Ma). They were sourced from cratonic regions and/or reworked material from
older metasedimentary successions and plutonic belts in southwestern Gondwana (e.g., North Patagonian and Deseado mas-
sifs or from the Tierra del Fuego Igneous and Metamorphic Complex). The pillow metabasalts have geochemical affinities of
normal mid-oceanic ridge basalts and island-arc tholeiites with Nb—Ta negative anomalies, derived from a depleted mantle
source (eNd, of +6 and +7.5). In consideration that pillow metabasalts with ocean island basalt affinities are reported, we
propose that metaturbiditic successions and metabasalts were tectonically juxtaposed within a pre-Permian accretionary
wedge of an active continental margin, after the development of island arcs and back-arc marginal basins.
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Introduction

The tectonic evolution of metamorphic complexes in
southern Patagonia has been broadly related to the Gond-
wanide orogeny (Thomson and Hervé 2002; Giacosa et al.
2012; Suarez et al. 2021). The late Paleozoic Gondwanide
orogeny (after Du Toit 1927) has been associated to the
collision of the continental block of Patagonia (Fig. 1A)
against southwestern margin of Gondwana (Ramos
2008). An alternative scenario, proposed by Pankhurst
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et al. (2006), considers the mid-Carboniferous collision
of Deseado Massif continental block against to southern
portion of the North Patagonian Massif (Fig. 1A).
Metamorphic rocks in the continental basement of
southern Patagonian Andes (48°S to 52°S) correspond
mainly to metasedimentary and metavolcanic units
grouped into the Eastern Andean Metamorphic Complex
(EAMC). The EAMC include Upper Devonian-lower Car-
boniferous and Permian-Lower Triassic low-grade and
polydeformed metaturbiditic sequences (Hervé et al. 2003;
Augustsson and Bahlburg 2003; Augustosson et al. 2006)
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Fig. 1 A Sketch map of different metamorphic complexes of Patagon-
ian modified from Calderdn et al. (2016); B local geological sketch of
the Lago O“Higgins-San Martin. Modified to De la Cruz and Suérez
(2004) and Rojo (2017); C La Carmela Peninsula with a spot of sam-
ples analyzed. TFIMC: Tierra del Fuego Metamorphic Complex;
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DYC: Duque de York Complex; NV: Nunatak Unit; CMC: Chonos
Metamorphic Complex; MDAC: Madre de Dios Accretionary Com-
plex; SASZ: Seno Arcabuz Shear Zone; CMSZ; Canal de las Mon-
tafias; MTFB: Magallanes Thrust and Fold Belt; MFFZ: Magallanes-
Fagnano Fault Zone
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and isolated bodies of pillow metabasalts, greenschists,
serpentinites and marbles of unknown age (Hervé et al.
1995, 1999, 2008: Quiroz and Belmar 2010; Rojo et al.
2018, 2021). The geodynamic setting for the sedimentary
protolith of the EAMC has been a matter of long-lasting
debate. Some authors argued that the sediments were
deposited in a passive margin (Augustsson and Bahlburg
2003, 2008; Lacassie 2003; Augustsson et al. 2006), while
others suggested an active margin setting with or with-
out development of a magmatic arc (Hervé et al. 2003;
Calderén et al. 2016; Suarez et al. 2021). Several authors
have proposed the existence of an active margin with
east-dipping subduction, which is registered by Silurian-
Devonian magmatic arc roots in the extra-Andean Deseado
Massif (Guido et al. 2004, 2005; Pankhurst et al. 2006;
Ramos 2008; Ramos and Naipauer 2014). The youngest
metasedimentary units of the EAMC were deposited dur-
ing the Permian and Triassic times and sourced from a
magmatic arc and continental basement rocks (Augustsson
and Bahlburg 2008). In this context, the late Paleozoic
to early Triassic reorganization of crustal blocks of the
south-western margin of Gondwana would have caused
the westward migration of the magmatic arc because of
the accretion/collision of the Antarctic Peninsula against
the Gondwana margin (Calderén et al. 2016; Suéarez et al.
2019a, b; Rojo et al. 2021). The Permian-Lower Triassic
igneous rocks and orthogneisses in Antarctic Peninsula
(Graham Land and Marie Byrd Land; Millar et al. 2002;
Bastias et al. 2020) are the potential sedimentary sources
that fed the depocenter of basins represented by the Trin-
ity Peninsula Group in Antarctic Peninsula (cf. Castillo
et al. 2016) and probably the Duque de York Complex (cf.
Forsythe and Mpodozis 1979) and younger units of the
EAMC in southwestern Patagonia (cf. Hervé et al. 2003;
Augustsson et al. 2006; Suéarez et al. 2019a,b).

We focus on the geochemical composition of metabasalts
from EAMC to obtain primary information for unravelling
the tectonic setting of magmatism, considering that basal-
tic magmas correspond to melts directly extracted from the
mantle without or with little crustal assimilation (e.g.,Pearce
and Cann 1973; Shervais 1982; Cabanis and Lecolle 1989;
Saunders and Tarney 1984; Pearce 2008, 2014; Saccani
2015; Xia and Li 2019). Studies focused on the geochemi-
cal and isotopic features of mafic and ultramafic bodies in
the EAMC are scarce, but necessary to interpret the basin
configuration and tectonic evolution of the south-western
margin of Gondwana. Thus, this work aims to characterize
the low-grade metamorphic rocks belonging to the EAMC
exposed at Peninsula La Carmela on the western shore of
the Lago O“Higgins-San Martin (Fig. 1B, C). The inte-
gration of new and previous data on detrital zircon U-Pb

geochronology of metasedimentary rocks and the diverse
geochemical composition of metabasalts allow the discus-
sion of the challenging origin and tectono-metamorphic
evolution of the EAMC.

Geological background

The low-grade metamorphic rocks of the EAMC (46-52°S)
are covered in angular unconformity by Upper Jurassic
volcanic rocks (Lagally 1975; Giacosa et al. 2012; Suérez
et al. 2021) and intruded by the Meso-Cenozoic Patagonian
Batholith (Pankhurst et al. 1999; Hervé et al. 2007). High-
grade metamorphic rocks and migmatites are reported along
the eastern margin of the South Patagonian batholith (Cal-
derdn et al. 2007).

The EAMC is constituted mainly by polydeformed metat-
urbiditic successions with scarce tectonic slices of pillow
metabasalts, serpentinites and marbles (Quiroz and Belmar
2010; Hervé et al. 2008; Rojo et al. 2021). The metasedi-
mentary rocks were initially referred to as Cochrane and
Lago General Carrera formations (Lagally 1975), around
the Cochrane locality (47°20’S) and Lago General Carrera
(46°30°S), respectively (Fig. 1A). Older units of the EAMC
have been correlated with the Upper Devonian-lower Car-
boniferous Bahia de la Lancha and Rio Lacteo formations
in Argentina (47°30’S and 49°S Riccardi 1971; Giacosa and
Marquez 2002). They are partially contemporaneous with
the deposition of the sedimentary protolith of the Cerro
Negro Schists (Permuy-Vidal et al. 2014) located farther
east, near the northwestern area of the Deseado Massif
(Fig. 1A).

Based on petrographic and U-Pb detrital zircon data,
Augustsson et al. (2006) indicated that Upper Devonian-
lower Carboniferous metasedimentary sequences were
sourced from Ordovician, Devonian, and early Carbonifer-
ous felsic continental sources. The Permian-early Triassic
metasedimentary rocks of the EAMC are mostly located to
the west of the South Patagonian Ice Field (Fig. 1A) and
were fed by an active continental magmatic arc and country
rocks (Augustsson et al. 2006; Augustsson and Bahlburg
2008).

In northern areas of the EAMC (46-47°S), Ramirez
et al. (2005) estimated P-T conditions of metamorphism
at 3-5 kbar and 320-380 °C, recording a moderately high-
geothermal gradient which is similar to those reported in
orogenic and accretionary environments. Hervé et al. (1999)
calculated lower P-T gradients around 360 °C and 2—4 Kbar
based in the low-grade metamorphic mineral assemblages
in basaltic pillow lavas from Peninsula La Florida (Fig. 1B).
Thus, although the pressure values are lower than those of
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a typical accretionary prism (e.g., Chonos Metamorphic
Complex; Willner et al. 2000), the P-T conditions exhibited
by the EAMC are in the range expected for regional meta-
morphism during back-arc basin closure (e.g., Muller et al.
2021) rather than for subduction zone complexes (Ramirez-
Sanchez et al. 2005; Willner et al. 2009). Zircon fission-
track thermochronology records a late Permian cooling age
which is related to the last stages of regional metamorphism
(Thomson and Hervé 2002). A late Mesozoic thermal over-
print, linked to the batholith emplacement, is revealed by
“OAr/*? Ar white mica ages in metapelites (Ramirez-Sanchez
et al. 2007). At these latitudes, the geochemical composi-
tions of metabasalt bodies distributed into the EAMC (44°
to 52°S), show chemical affinities with island-arc tholeiites
(IAT), back-arc basin basalts (BABB) and normal mid-
oceanic ridge basalts (N-MORB) (Godoy 1979; Quiroz and
Belmar 2010; Rojo et al. 2021).

Particularly, the metamorphic rocks at Lago O Higgins-
San Martin (48-49°S; Fig. 1B) consist mainly of quartz-rich
metasedimentary rocks with tectonic slices of metabasalts
and metacherts. Outcrops of metabasalts are well exposed at
La Carmela and La Florida peninsulas. Metasandstones in
this area show marked detrital zircon populations of Ordo-
vician, Cambrian and Mesoproterozoic ages, with one iso-
lated grain of ca. 355 Ma (Hervé et al. 2003). Farther south,
Malkowsky et al. (2016) reported a similar age pattern but
with three grains of Devonian age and one isolated grain
of ca. 320 Ma. Metabasalts at Peninsula La Florida shows
geochemical affinities akin to ocean island basalts (OIB) in
which P-T constraints of 2—4 kbar and 360 °C have been
estimated (Hervé et al. 1999). Low-grade metabasalts at
Peninsula La Carmela preserve pillow structures and are
described petrographically and geochemically in this work.

Methods
Petrography

The petrographic study of mineral assemblages, textures
and microstructures was performed in 40 thin sections of
representative rocks from Peninsula La Carmela (Fig. 1C).
The metasedimentary rocks show subtle recrystallization
and were classified based on their matrix content and modal
compositions following Pettijohn et al. (1973). Metamafic
rocks were classified based on their relict mineralogy and
textures.

U-Pb detrital zircon geochronology
The sensitive high-resolution ion microprobe (SHRIMP)

U-Pb ages for detrital zircons were determined from one
sample of metasandstone (sample UN281-A), from which 71
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zircon grains were randomly selected (Table 1). The analyti-
cal work was carried out at the Research School of Earth Sci-
ences, the Australian National University, Canberra, using
SHRIMP RG followed cathodoluminescence (CL) imag-
ing of the zircon grains. We consider an analysis concord-
ant when there is an overlap of 206p, 2381y 207ph,/235J, and
207pp/206Pp ages and plotted on the U—Pb Tera-Wasserburg
diagram and crystallization ages with uncertainties given at
one ¢ level. Frequency histogram and probability density
distribution for detrital zircons ages were constructed using
Isoplot 3.0 software (Ludwig 2003). The plot is built from
the preferred concordant ages for single grains (n=65). The
preferred age considers the 2°°Pb/>*U ratios if the detrital
zircons are younger than 1.2 Ga, whereas the 207p,,206py,
ratios are used if the detrital zircon grains are older than
1.2 Ga.

Geochemistry and isotopic analyses

The major and trace element composition of metabasalts
(Table 2) were obtained by inductively coupled plasma
mass-spectrometry (ICP-MS) at Activation Analytical Labo-
ratories in Vancouver, Canada. Two samples of metabasalts
were selected for Sr and Nd isotope analyses carried out at
the Centro de Pesquisas Geocronoldgicas, Instituto de Geo-
ciéncias, Universidade de Sao Paulo (USP, Brazil). The Sr
and Nd isotope determinations were carried out at CPGeo
at Universidade de S@o Paulo, Brazil, and were analysed
using the Thermal Ionization Mass Spectrometry (TIMS)
Thermo Triton. The Sr isotopic ratios were normalized to
86Sr/%8Sr=0.1194 and replicate analyses of ¥Sr/*Sr for the
NBS987 standard gave a mean value of 0.71028 +0.00006
(26). The Nd isotopic compositions were normalized to
35Nd/'*Nd =0.72190. The averages of '**Nd/'**Nd for La
Jolla and BCR-1 standards were 0.511847 +0.00005 (20)
and 0.512662 +0.00005, respectively (Table 3). The cal-
culation of initial isotopic ratios (t=347 Ma) considered
the elemental composition (Rb, Sr, Sm, Nd) determined by
ICP-MS analyses.

Results
Petrography and field data

Metasedimentary and metamafic rocks are the two main
lithological units at Peninsula La Carmela, in sharp contact
oriented ~ N20E/60 W, nearly parallel to the main foliation
(Fig. 2A, B). The metasedimentary rocks consist of metape-
lites, metasandstones, and metagreywackes showing a pen-
etrative foliation (locally subparallel to S; Fig. 2C). This is
well defined in metapelites with a slaty cleavage (S,) sub-
parallel to bedding structures (S,), both striking NNE-SSW
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Table 2 Bulk rock chemical compositions of pillow metabasalts from
Peninsula La Carmela

Sample Detection limit La Carmela

UN-271 UN-280 UN-280B
Rock tipe metabasalt metabasalt metabasalt
Si02 0.01 46.86 49.35 47.69
A1203 0.01 13.87 18.19 17.51
FeO(T) 0.01 12.87 7.85 6.51
MnO 0.001 0.238 0.191 0.18
MgO 0.01 11.9 7.05 6.36
CaO 0.01 5.14 39 6.38
Na20 0.01 327 5.53 5.51
K20 0.01 0.04 0.81 0.9
TiO2 0.001 1.153 0.609 0.533
P205 0.01 0.07 0.03 0.04
LOI - 5.29 6.45 8.04
Sum - 100.70 99.96 99.65
Sc 1 35 27 24
Be <1 <1 <1
\Y 5 282 147 111
Cr 20 220 370 310
Co 1 51 35 34
Ni 20 120 110 100
Cu 10 20 20 20
Zn 30 60 70 50
Ga 1 15 12 10
Ge 0.5 1.8 1.1 0.9
As - <5 <5 <5
Rb 1 <1 35 34
Sr 2 114 207 281
Y 0.5 322 14.9 13.2
Zr 1 60 30 27
Nb 0.2 3.1 1.5 1.3
Mo 2 <2 <2 <2
Ag 0.5 <0,5 <0,5 <0,5
In 0.1 <0,1 <0,1 <0,1
Sn 1 1 <1 <1
Sb 0.3 <0,2 <0,2
Cs 0.1 0.9 4.8 5.1
Ba 2 64 295 347
La 0.05 3.56 1.33 1.37
Ce 0.05 9.17 3.98 3.72
Pr 0.01 1.4 0.63 0.63
Nd 0.05 8.36 3.56 3.46
Sm 0.01 3.17 1.37 1.23
Eu 0.005 1.37 0.625 0.572
Gd 0.01 4.09 1.93 1.75

Table 2 (continued)

Sample Detection limit La Carmela
UN-271 UN-280 UN-280B
Rock tipe metabasalt metabasalt metabasalt
Tb 0.01 0.85 0.38 0.34
Dy 0.01 5.43 2.68 2.36
Ho 0.01 1.13 0.55 0.49
Er 0.01 3.53 1.59 1.45
Tm 0.005 0.514 0.248 0.237
Yb 0.01 3.24 1.71 1.52
Lu 0.002 0.507 0.255 0.22
Hf 0.1 1.8 0.8 0.8
Ta 0.01 0.19 0.12 0.04
W - <0,5 9.5 2.1
Tl - <0,05 0.1 0.12
Pb - <5 <5 <5
Bi - <0,1 <0,1 <0,1
Th 0.05 0.27 0.14 0.17
U 0.01 0.17 0.79 0.72

(~N40°E) and steeply dipping to the west (Fig. 2). The
S-S, foliation is overprinted by a crenulation cleavage (S,)
with NNW-SSE-strike, and fold axis plunging to the SSE.
The metamafic rocks crop out as weakly deformed bodies
within metasedimentary rocks, showing discrete foliation
planes. These bodies show a green color and exhibit relict
pillow structures with diameter of at least 50 cm (Fig. 2B).
Local tensional veins of quartz and carbonate are present.
Both lithological units show similar metamorphic grade and
orientation of foliation planes.

Metasedimentary rocks

Metasandstones and metagreywackes are mainly composed
by grains of quartz and feldspars with moderate sorting
and poor textural maturity (Fig. 3A—C) with a recrystal-
lized matrix proportion varying between 5 and 20%. Quartz
constitutes up to 70% of the detrital components, exhibit-
ing angular to sub-rounded shapes, undulose extinction and
occasionally sutured contacts (Fig. 3A). Feldspars, mostly
plagioclase, represent up to 30% of the detrital grains, which
are subrounded and moderately altered to clay minerals. Pla-
gioclase, which is easily recognized by its Carlsbad and pol-
ysynthetic twinning, show fractures and intracrystalline dis-
locations. Lithic fragments (<3%) consist of metamorphic
rocks (phyllites and quartzites) and subordinate aphanitic
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Table 3 Whole-rock Sr—Nd isotopic compositions of pillow metabasalts from Peninsula La Carmela

ena(®)

143Nd/144Nd (143Nd/144Nd)i

Sm(ppm)  Nd(ppm) ''Sm/'*Nd

7Sr/%8r)i

Rb(ppm)  Sr(ppm)  8RbA7Sr  87Sr/*Sr

Age (Ma)

Sample

7.5

0.512574
0.512497

0,513,095+ 15

0.229265
0.232674

8.36
3.56

3.17

1.37

0.71104

0.71111

0,711,098 +8
0,713,529 +8

0.01269
0.48948

114
207

0.5

347
347

UN-271 metabasalt
UN-280 matabasalt

6.0

0,513,025+ 15

35

volcanic and/or subvolcanic rocks (Fig. 3A). Accessory
detrital minerals comprise zircon, tourmaline, white mica,
biotite and opaques (Fig. 3C). The recrystallized matrix
shows a faint foliation defined by discontinuous layers of
white mica and chlorite, with traces of microgranular titan-
ite and epidote. The S,—S, foliation is defined by composi-
tional layers of micas and cleavage bands (Fig. 3D, E). The
folded S, foliation is crosscut by an axial plane cleavage (S,
Fig. 3F). Metapelites are mainly constituted by preferentially
oriented white mica showing a S, spaced cleavage.

Metabasalts

The metabasalts have light to dark-green color. The min-
eralogy of the metamorphosed pillow basalts shows a
micro-porphyritic texture defined by euhedral to subhedral
phenocrysts of plagioclase with well-defined Carlsbad and
polysynthetic twins, and locally a sieve texture, placed in
a recrystallized groundmass with microliths of plagioclase
(Fig. 3G, H). The primary mineralogy of the metabasalts and
its groundmass have been replaced mainly by albite, chlorite,
epidote and actinolite (Fig. 3G, H). Late vein of quartz and
carbonates are common. The metamorphic mineral assem-
blage of metabasalts from Peninsula La Carmela is typical
of low-grade Greenschist Facies of metamorphism.

Distribution of U-Pb ages and maximum
depositional age

The metasedimentary rocks from EAMC are devoid of index
fossils and/or interbedded acidic volcanic rocks for perform-
ing an absolute dating, thus, the estimation of maximum
deposition age considering the U-Pb detrital zircon ages
have turn out to be a useful tool to constrain the deposi-
tional time (Vermeesch 2004; Gehrels et al. 2006; Dickinson
and Gehrels 2009; Copeland 2020). Gehrels et al. (2006)
and Dickinson and Gehrels (2009) proposed and discussed
several methods to estimate the maximum depositional age,
such as the youngest single grain, or the mean age of the
youngest three or more grains that overlap in age at 2c.

In this study, 71 detrital zircons from a metasandstone
(sample UN281-A) were dated from which 6 grains with
discordant ages were rejected and no further considered in
the analysis. The Th/U ratios spanning between 0.005 and
1.450, being 89% greater than 0.2, which could indicate
an igneous origin for most of the grains. The spectrum of
65 concordant ages ranges from the Meso-Archean to the
early Carboniferous (Table 1, Fig. 4A). The ages are dis-
tributed into the Archean (n=2;3%), Proterozoic (n=>57,
88%), and Paleozoic (n=6; 9%). Age distribution shows
several peaks in the probability density plot (Fig. 4A), the
most pronounced are Neoproterozoic (~560 Ma, ~620 Ma
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Fig. 2 Field photographs showing A field relations between the meta- pillow structure; C metasedimentary unit with two distinctite litholo-
sedimentary units incontact with metabasic units of the EAMC at gie (metasandstone and metagreywacka vs. metapelite)
Peninsula La Carmela; B metabasic units showing a relict deformed
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Fig.3 A Metamorphic lithic
(phyllite) in metasandstone;

B angular quartz crystals with
mica and clay minerals in
matrix, in metasandstone; C
detrital white mica in weakly
foliated meta-greywacke;

D quartzite lithic in meta-
greywacke with white mica
accommodating the deforma-
tion; E two directions of folia-
tion and recrystallized matrix
in metagreywacke; F inner
deformation structure in metag-
raywacke; G moderate altered
plagioclase of basalts with
carbonatic veins (UN-280); H
chlorite development in amyg-
dala of pillow-like metabasalts
(UN-280)
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and ~ 880 Ma) and Mesoproterozoic (~ 1060 Ma) (Fig. 4B).
There are only three zircon grains of late Paleozoic age
(Fig. 4B). The youngest zircons show a good fitting within
the Tera-Wasserburg diagram (Fig. 4C), and that of early
Carboniferous age (347 +4 Ma), could be considered as a
fairly good maximum depositional age.

Bulk-rock geochemistry and Sr-Nd isotopes

The geochemistry of metabasalts is roughly characterized
by low SiO, content (46.9-49.4 wt%), moderate to high
contents of MgO (6.4-11.2 wt%) and Al,O; (13.9-18.2
wt%), and restricted variations of TiO, (0.53-1.15 wt%),
CaO (3.9-6.4 wt%). Relatively high LOI values (5.3-8.0
wt%) reflect the presence of chlorite and carbonates in the
rocks (Table 2). The chondrite-normalized Rare Earth Ele-
ments (REE) composition of metabasalts define a flat and
enriched pattern of REE (Fig. 5A). The samples display
(La/Sm)y of 0.62-0.72 and (La/Yb)y of 0.55-0.78 and
slightly positive Eu anomaly (Fig. 5A). The multi-element
composition normalized to N-MORB (Sun and McDon-
ough 1989), shows that metabasalts are enriched in Rb,
Ba, U, and depleted of Nb and Ta suggesting a systematic
depletion of high field strength elements (HFSE) rela-
tive to large ion lithophile elements (LILE) (Fig. 5B). In

[T | T I T T I T I T T | T ]
L A Pillow metabasalts |
Peninsula La Florida (EAMC)

100 — —

" - i

g = -

g T H_././’/.\./."\‘/’\H—O .
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)
£

3 E 506888060887

O] E O 3

g Fo00 ]

C Pillow metabasalts n

L Peninsula La Carmela (EAMC) -

L @ (g0 i

@ [un2sog)
@ (Un271]
1 —
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la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig.5 A Chondrite-normalized REE patterns; B N-MORB normal-
ized incompatible element patterns of metabasalts from Peninsula La
Carmela. Normalizing values are from Sun and McDonough (1989).
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Rock/N-MORB

general, the metabasic rocks characterized by low to mod-
erate Mg# (~0.5), Ni (100-120 ppm), Cr (220-370 ppm),
and Ti (3195 to 6912 ppm), and low Nb, Ta, Zr, Th, and
U contents (Table 1). The pillow metabasalts plot in the
sub-alkaline basalt field based on the Zr/TiO, versus Nb/Y
ratios (Fig. 6A). The samples have low Zr and Zr/Y as well
in Th/Yb and Nb/Yb ratios, suggesting a N-MORB affinity
(Fig. 6B, C). The low to moderate V/Ti ratios are consistent
with a MORB without discriminate between back-arc basalt
(BABB) or fore-arc basalt (FAB) (Fig. 6D). In ternary dia-
grams, all samples plot in the N-MORB (Fig. 6E, F).

The Sr—Nd isotopic composition of pillow metabasalts
show a relatively uniform compositional range (Table 2).
Assuming an early Carboniferous age of basalts (ca.
350 Ma), the calculated initial 37Sr/3°Sr ratios are ele-
vated, varying between 0.71103 and 0.71111. The high
values could be related post-magmatic chemical modifi-
cations driven by seafloor hydrothermal metamorphism.
The potential contamination with crustal material during
magma ascent cannot be excluded, but probably is negligi-
ble and undetectable. The elevated eNd(t) values ranging
between+ 6.0 and + 7.5 (Fig. 7), signal a depleted mantle
source for basalts, which ultimately were emplaced under
subaquatic conditions.

00F T T T T T T T T T T T T T T T T T T T T T 19
100 |- —
N o ]
10 | ) |
E [UN280)
n B8—o .
— o -
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Pillow basalt EAMC of the Peninsula La Florida reported by Hervé

et al. (1999)
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Fig.6 A Classification of the metabasic rocks using the Zr/TiO, vs.
Nb/Y diagram of Winchester and Floyd (1977); B tectonic discrimi-
nation diagram using Zr vs. Zr/Y (after Pearce and Norry, 1979); C
Th/Yb vs. Nb/Yb diagram (the field of the MORB-OIB mantle array
is from Pearce, 2008); D tectonic discrimination diagrams for the
metabasaltic rocks from the La Carmela and La Florida pillow bod-
ies in V-Ti/1000 diagram (after Shervais, 1982); E Y/15-La/10-Nb/8

ternary diagram (after Cabanis and Lecolle, 1989 and F 2Nb-Zr/4—
Y ternary diagram (AI+ AIl: within-plate alkaline basalt; AIl+C:
within-plate tholeiitic basalt; B: E-MORB; C+ D: volcanic arc basalt;
D: N-MORB:;after Meschede, 1986). The diagrams are comple-
mented with data from Hervé et al. (1999) and Quiroz and Belmar,

2010
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Fig.7 Whole-rock isotopic +10 =
(®Sr/*Sr)i vs. eNd(t) diagram = [UN271]
for the meta-pillowbasalts from =
Peninsula La Carmela and +5 = [UN280]
complemented with the meta- =
sedimentary rocks of EAMC _ = __ Bulk earth
from Augustsson and Bahlburg s ‘/E/
(2008) S o = CHUR
- = Cochrane unit; nEAMC
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= = A
- N YOUNG OoLD
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Discussion et al. 2014). Nevertheless, these sources cannot explain the

Provenance sources

The probability density plot of metasedimentary rocks at
Peninsula La Carmela and surrounding Andean and extra-
Andean areas (Hervé et al. 2003; Augustsson et al. 2006;
Malkowski et al. 2016) show a broad detrital zircon age
spectrum (Fig. 8 A—E). Outcrops at Lago O“Higgins-San
Martin show main peaks of Neoproterozoic and Mesopro-
terozoic ages, with subordinate Archean components, and
isolated Paleozoic grains (Fig. 8B—G; Hervé et al. 2003;
Augustsson et al. 2006; Moreira et al. 2013; Permuy-Vidal
et al. 2014; Malkowski et al. 2016; Suarez et al. 2019a).
However, it turns out to be different to rocks from the
Cerro Negro Schists, located in the western Deseado Mas-
sif that exhibits scarce Proterozoic zircons (Fig. 8F), and
from the Nunatak Vietma Unit, which is characterized by
Upper Triassic zircons (Fig. 8A) that can be considered as
a different tectonic unit.

The sedimentary sources for protolith of the EAMC are
still uncertain, since several sources have been invoked
to explain these variable ages spectra (Hervé et al. 2003;
Augustsson et al. 2006, 2008). At the time of deposition
(Fig. 9), the closest autochthonous ancient sources from
South America correspond to the Proterozoic Rio de la
Plata Craton (e.g., Tandilia Belt) and Pampia Terrane
(Ramos 2009; Rapela et al., 2007; Cingolani 2011; Ramos

@ Springer

subordinate presence of Archean grains (> 2.5 Ga) reported
in the metasedimentary rocks from Peninsula La Carmela
as well in the whole EAMC (Fig. 8). The closest Archean
region in South America correspond to the Nico Pérez Ter-
rane (in Uruguay), that comprises a separate fragment of the
Congo Craton (Oriolo et al. 2016). In this context, a set of
Archean-Paleoproterozoic sources can be found surrounding
the Dom Feliciano Belt, which corresponds to amalgamated
craton blocks from South America and Africa during the
Brasiliano/Pan-African orogeny (ca. 900-500 Ma) (Oriolo
et al. 2016). Thus, the Nico Pérez Terrane in Uruguay and
the Kalahari Craton from Africa (De Wit et al. 1992; Poujol
et al. 2003) are possible candidates to explain the origin the
subordinate Archean grains (Fig. 9). The Grenville zircons
(1.0-1.2 Ga) could have been sourced from the Namaqua-
Natal Complex in southern Africa (Eglington 2006), Gariep
Belt, Malvinas/Falkland Islands (Jacobs et al. 1999), or Pam-
pia Terrane (Western Sierra Pampeanas; Ramos et al. 2014
and their references) (Fig. 9). The Late Neoproterozoic-early
Cambrian zircon grains (550-650 Ma) could be associated
with the Cape Granite in South Africa (Scheepers and Arm-
strong 2002), Tierra del Fuego Igneous-Metamorphic Com-
plex (Hervé et al. 2010), Pampia Terrane (Eastern Sierras
Pampeanas; Ramos et al. 2014 and their references) or the
crystalline basement of the Ventania System, where recently
some Brasiliano/Pan African crystallization ages have been
reported (Ballivian Justiniano et al. 2020). The most likely
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Fig. 8 Probability density plot 10
showing relative probability
ages of detrital zircons from
different metamorphic localities
of the, A Nunatak Unit (Suarez
et al. 2019a); B Bahia de la
Lancha (Augutsson et al. 2006);
C La Carmela Peninsula (this
work); D EAMC (Malkowski

et al. 2016); E EAMC (Hervé
et al. 2003); F Cerro Negro
Schist (Permuy-Vidal et al.
2014); G La Modesta Forma-
tion (Moreira et al. 2013)
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Fig.9 Paleogeographic sketch modified after Uriz et al. (2011), showing the possible main supply sources feeding material for EAMC at La
Carmela Peninsula. The recompilation ages were obtained from works cited in Sect. “Provenance sources”

possibility to explain the subordinate older zircon grains,
is that the supply regions are old metasedimentary com-
plexes (e.g., La Modesta Formation, Rio Deseado Complex;
Pankhurst et al. 2003; Guido et al. 2004; Moreira et al. 2013)
from the Deseado Massif. If so, reworking of previous meta-
sedimentary complexes would solve the problem posed by
the great distances between the cratonic source areas and the

@ Springer

basin, which is coherent with the model proposed by Suarez
et al. (2019Db).

However, the Silurian-Devonian to early Carboniferous
zircon grains reported at Peninsula La Carmela would have
been derived from southern South America. We consider
that the potential sources could be associated with the Silu-
rian-early Carboniferous magmatic arc (~425-340 Ma), that
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Fig. 10 Tectonic discrimination diagrams for meta-pillowbasalts
from Lago O’Higgins-San Martin. A Nb/Th vs. La/Sm diagram
showing the crustal contamination/assimilation influence. N-MORB:
normal mid-ocean ridge basalt; UCC: upper continental crust. The
end members compositions are after Sun and McDonough (1989); B

is partially exposed in the Deseado Massif (e.g., El Sacrificio
Granite, El Laurel Tonalite, Bahia Laura Granodiorite) and
North Patagonian Massif (e.g., Lago Lolog Granite, Cac-
eres Granite, Cordon El Serrucho) (e.g.,Guido et al. 2004;
Pankhurst et al. 2003, 2006; Varela et al. 2015; Hervé et al.
2016). Therefore, we considered that the maximum depo-
sitional age is concordant with mid-late Paleozoic regional
geological background.

Petrogenesis of the pillow metabasalts

The use of immobile trace elements coupled with Sr—Nd
isotope data can be employed to characterize parental
magma source and thus shed light to elucidate the tec-
tonic setting on which these magmas were formed (Pearce
and Cann 1973; Shervais 1982; Cabanis and Lecolle 1989;
Saunders and Tarney 1984; Pearce 2008, 2014). The
basalts have been widely used to unravel the tectonic set-
ting of magma generation due their simpler petrogenesis
when compared with andesites and granites (Xia and Li

Nb/Yb vs. TiO2/Yb (Pearce 2008); C Thy vs. Nby diagrams (Sac-
cani 2015), Nb and Th are normalized to the N-MORB composition
(Sun and McDonough 1989); D Ti-Zr diagram (after Pearce 1980);
E tectonic diagram using Zr vs. Ti (Pearce and Cann 1973). F TiO2—
MnO*10-P205*10 (after Mullen 1983)

2019). We discuss the petrogenesis of the pillow metaba-
salts from Peninsula La Carmela based on the new geo-
chemical and isotopic data, complemented with previous
data from pillow metabasalts exposed in the surrounding
areas of the Lago O’Higgins-San Martin. Previously ana-
lyzed metabasalts at Peninsula La Florida, located 20 km
northeast of the Peninsula La Carmela, are also tectoni-
cally juxtaposed with metasedimentary sequences of the
EAMC (Hervé et al. 1999) (Fig. 1). Because the chemical
composition of metabasalts from Peninsula La Carmela
was variably modified by seafloor hydrothermal processes
the data presentation will be centered in low mobility ele-
ments (Ti, V, Y, Zr, Nb, Th, REE; cf. Furnes et al. 2020
and references therein).

Cui et al. (2020) mentioned that Nb/Th and La/Sm
ratios are good discriminators to know the degree of crus-
tal contamination. In this case, our pillow metabasalts as
well as those at Peninsula La Florida do not follow the
hyperbolic mixing curve, plotting away from upper con-
tinental crust field (Fig. 10A). Analogously, the pillow
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Fig. 11 Tectonic setting inter-
pretation for the genesis of the
pillow metabasalts from Lago
O“Higgins-San Martin. AP:

late Devonian-Carboniferous
Back-arc Basin Magmatism

OIB-IAT-BABB-MORB | Devonian arc

Antarctic Peninsula?. Modified [
after Rojo et al. (2021)

metabasalts from the Peninsula La Carmela have Zr
(27-60 ppm), Th (0.14-0.27 ppm) and Hf (0.8-1.8 ppm)
values, indicating a poor or little modified depleted mantle
source (Table 1).

The depth of the mantle melting can be constrained by
the TiO,/Yb ratios, where the ocean island basalt (OIB)
signature is associated to a deep mantle source, while the
MORB-signature is related to the shallow depth of the melt-
ing source (Pearce 2014) in a spreading ridge. Metabasalt
bodies at Peninsula La Carmela have a N-MORB signa-
ture and low TiO,/Yb values signaling a shallow melting
source (Fig. 10B), while the metabasalts at Peninsula La
Florida show OIB chemical affinities suggesting deeper
zones of mantle melting zones (Fig. 10B). Another valu-
able proxy to discriminate between a depleted or enrichment
nature source of basic rocks is the Zr/Nb ratio (Pearce and
Norry 1979). Our samples have low Nb (1.3-3.1 ppm), Zr
(27-60 ppm), Ba (64-347 ppm), and shown low Zr/Nb ratios
(19.35-20.80) concerning average N-MORB (Zr/Nb: > 301;
Sun and McDonough 1989).

The Thy vs. Nby diagram (N-MORB normalized) (Sac-
cani 2015) was used to evaluate or discard the influence
of subduction components in the geochemistry of metaba-
salts. The pillow metabasalts from Peninsula La Carmela
plot in the field of back-arc basin basalts (BABB) with Thy
(1.4-2.5) and Nby (0.55-1.33) values (Fig. 10C), while
those at Peninsula La Florida plot in the non-subduction
oceanic settings. In general, the mafic bodies showing
N-MORB signatures with subduction-related affinities indi-
cate oceanic spreading in a supra-subduction zone, as well
as back-arc and fore-arc basins and/or rifted island arcs (e.g.,
Metcalf and Shervais 2008). The lack of bonninites allow
suggest a back-arc basin environment to explain the pres-
ence of basaltic products with N-MORB, BABB and IAT
geochemical signatures (Fig. 10D-F) (e.g., Clai et al., 2020).
The Sr—Nd isotopic data give clues about the source of the
parental magmas. The high Sr/%6Sr initial ratios (> 0.710)
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of metabasalts at Peninsula La Carmela can be associated
with significant crustal assimilation in the magmatic system
or seawater alteration (McCulloch et al. 1981). In our study
case the crustal contamination is ruled out (as previously
discussed; see Fig. 10A) and thus the radiogenic 3’Sr/%¢Sr
initial ratios are likely related to processes of seawater altera-
tion with or without modification during a later metamor-
phic event. Besides, the high eNd (t=350 Ma) values of + 6
to+ 7.5 and trace element composition reveal the deriva-
tion of basaltic magmas from a depleted mantle source in a
supra-subduction setting.

Considering that metabasalts at Peninsula La Florida have
OIB chemical affinities (Fig. 6), like those reported in pla-
teau basalt provinces in southern South America, suggests
a similar Gonwanide lithospheric mantle source of basaltic
magmas. We propose that OIB magmatism occurred during
embryonic stages of the back-arc basin formation.

Paleogeographic and tectonic implications

The depositional environment for the protolith of the pre-
Permian EAMC has been traditionally interpreted as a
passive margin (Augustsson and Balhburg, 2003, 2008).
However, petrographic, geochronologic, geochemical and
metamorphic P-T conditions support the existence of an
active margin located in southwestern Gondwana margin
during mid-Paleozoic to Late Triassic times (Ramos 2008;
Permuy Vidal et al., 2014; Rojo 2017; Suérez et al. 2019a;
Navarrete et al. 2019; Rojo et al. 2021). An active margin
during Silurian-Devonian times associated with a magmatic
arc (425-393 Ma) in extra-Andean Patagonia is supported
by small and isolated outcrops of arc-related granitoid rocks
(e.g., El Sacrificio, El Laurel, and Bahia Laura; Pankhurst
et al. 2003; Guido et al. 2004, 2005). During Carboniferous
times, the locus of arc magmatism migrated to the west of
the EAMC (cf. Rojo et al. 2021), whereas during the Per-
mian to Late Triassic (287-227 Ma) the magmatic activity
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shifted to the Antarctic Peninsula (Graham Land and Palmer
Land) (Millar et al. 2002; Suarez et al. 2019a; Bastias et al.
2020), which at that time is thought to have been located to
the west of Patagonia (Fig. 9).

Therefore, considering an early Carboniferous maxi-
mum depositional age for the protolith of metasedimentary
sequences at Peninsula La Carmela and a nearly coeval
emplacement of the pillow metabasalts, derived from a
depleted upper mantle source (high positive eNd values)
with low or null crustal contamination in a subduction
environment with an IAT and BABB signatures. We con-
sider a back-arc basin scenario to explain the geochemical
and isotopic features shown by the metabasalts from Lago
O“Higgins-San Martin. The early magmatic activity during
the back-arc basin formation may have been represented by
oceanic island basalts at Peninsula La Florida and the most
mature products are represented by metabasalts with MORB,
IAT and BBAB geochemical affinities located at Peninsula
La Carmela. This regional geodynamic configuration sug-
gests the development of an active back-arc basin to west of
the Deseado Massif, generated in response to the westward
drift of the Antarctic Peninsula relative to southwestern
Gondwana margin, during late Paleozoic times (Fig. 11).
The tectonic juxtaposition of metasedimentary rocks and
metabasalts occurred probably within an accretionary wedge
developed during the back-arc basin closure and docking of
Antarctic Peninsula.

Conclusions

The detrital zircon ages obtained in this study suggest an
early Carboniferous (~ 347 Ma) maximum depositional age
for the protolith of metasedimentary rocks at Peninsula La
Carmela. The oldest detrital zircon grains indicate prove-
nance from regions with rocks of 555 to 620 Ma, 880 Ma and
1.0-1.2 Ga. The subordinated oldest detrital zircons derive
from either (i) close regions of Gondwana (e.g., Nico Pérez
Terrane, Rio de la Plata Craton, Pampean belts, Ventania
System, Tierra del Fuego Igneous-Metamorphic Complex),
(ii) distant regions (e.g., Kalahari craton, Namaqua Natal
Complex, Gariep Belt, Malvinas/Falkland Islands, Cape
Granite) or (iii) reworked material from ancient metasedi-
mentary rocks from Argentine Patagonia (e.g., La Modesta
Formation, Rio Deseado Complex). The Silurian-Devonian
zircon grains derived from southern South America (North
Patagonian Massif and Deseado Massif).

The basaltic magmatism at Peninsula La Carmela in
the Lago O Higgins-San Martin, derived from a depleted
mantle source with low or null degree of crustal contamina-
tion, with N-MORB, IAT and BABB signatures, emplaced
within a mature back-arc basin, coeval with the sedimenta-
tion of turbidites of the EAMC. The tectonic juxtaposition of

metasedimentary rocks and metabasalts is related to the clo-
sure of the back-arc basin during the Gondwanide orogeny.
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