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ARTICLE INFO ABSTRACT

Keywords: The granulite-complexes of the Sierras de Cérdoba, inside context of Sierras Pampeanas, expose the deeply-
Anatexis uplifted internal metamorphic zone of an early Cambrian orogen. One of the largest granulite-complexes in
Migmatites the north-central of Sierra de Comechingones consists mainly of a set of stromatic and diatexitic migmatites all
Thermobarometry

derived from metasedimentary progenitors. Migmatites vary over a spectrum of morphologies ranging from
patch, net, and stromatic metatexites to schollen-schlieren and nebulite diatexites with widespread interspersed
anatectic granites. The granulite-complex subordinately includes amphibolites, marbles, serpentinized ultramafic
rocks, and mafic plutonic rocks. Petrographic analysis, textural and structural interpretation, thermobarometric
estimates, and inherited and metamorphic zircon dating reveal the metamorphic history of migmatites in the
north-central part of the Sierra de Comechingones. Metastable preservation of kyanite reflects that migmatites
were buried (0.69-0.78 GPa) and heated (~650 °C) along a prograde trajectory before the onset of extensive
anatexis. Then migmatites were further heated to granulite-facies peak temperatures (>800 °C) at similar
pressures (0.77 + 0.06 GPa) through the sillimanite stability field. Widespread partial melting of the meta-
sedimentary sequence occurred during peak metamorphism. The entire granulite-complex cooled to tempera-
tures below 550 °C and ascended to middle crustal depths (0.3-0.5 GPa). The prograde heating trajectory and
decompression during uplift overcoming cooling and tectonic exhumation are compatible with a predominantly
compressive deformation. Coeval widespread partial melting with contractional non-coaxial deformation trig-
gered self-reorganization of anatectic melts giving rise syn-deformational migmatites. In all the analyzed mig-
matites, U-Pb zircon geochronology yields inherited ages corresponding to those of orogenic systems that
characterize the West Gondwana supercontinent. Inherited ages show a polymodal distribution pattern with
contributions from Neoproterozoic (551-734 Ma; i.e., Brasiliano - Pan-African) and Mesoproterozoic detrital
zircons (850-1182 Ma; i.e., Grenvillian), and minor proportions of Paleoproterozoic zircon grains (1751-1839
Ma). Ages interpreted as metamorphism and anatexis suggest the development of a single metamorphic event
and restricted anatexis to a relatively short period of about 15 Ma (ca. 540-525 Ma). Metamorphic ages asso-
ciated with the metamorphic peak trajectory are related to the Cambrian Pampean Orogeny.

U-Pb geochronology
Pampean orogeny

1. Introduction

Numerous studies over the past decades showed that most of the
metamorphic rocks of the Sierras de Cérdoba followed a clockwise P-T
path (Gordillo, 1984; Martino et al., 1994, 1995, 1997; Baldo et al.,
1996; Rapela et al., 1998; Otamendi et al., 1999, 2004; Guereschi and
Martino, 2002, 2008, 2014; Barzola et al., 2019a; among many others).

As first inferred by pioneering studies by Gordillo (1979, 1984) the
metamorphic peak attained upper-amphibolite to granulite-facies
resulting in an extensive migmatitic massifs formation (Guereschi and
Martino, 2014).

Gordillo (1979, 1984) was also first to recognized the geological
significance of the migmatitic rocks in Sierras de Cérdoba. These studies
discussed that migmatites are lithological products derived from partial
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melting of metasedimentary rocks and that they constitute the deep root
of an intensely eroded ancient orogen. However, there is still contro-
versy about the nature and evolution of the anatectic process. One line of
arguments suggests a continuous P-T path evolution wherein the met-
asedimentary sequence reached the high-grade, anatectic conditions at
middle-crustal levels during the Lower Cambrian (530-520 Ma; Rapela
et al., 1998); and subsequently experienced a rapid exhumation with an
associated isothermal decompression (Otamendi et al., 2004; Barzola
et al., 2019a,b). Alternatively, another hypothesis proposed a time gap
between two partial melting events, resulting each of them, in different
migmatitic rocks with distinctive mineral assemblages and structural
features (Guereschi and Martino, 2008, 2014). In the latter hypothesis,
cordierite-absent stromatic migmatites with prevailing S, foliation,
termed Tala Cruz, were interpreted to be the first stage of melting.
Whereas cordierite-bearing diatexites, named Canada del Sauce, were
considered decompression melting products of the prior metatexites
based on the stromatic raft presence inside diatexites bodies. Supporting
geochronological data of each metamorphic event is contentious due to
the fact that the supposedly younger Canada del Sauce diatexite is show
to be older (577 + 7 Ma; Siegesmund et al., 2010) than the Tala Cruz
metatexite (553 + 3 Ma; Siegesmund et al., 2010). A recent study along
the Santa Rosa river pointed out that cordierite indistinctly crystallized
in both metatexite and diatexite migmatites, but its stability depended
on the protolith composition (Tibaldi et al., 2019). The latter study
concluded that during the early Cambrian times (534-520 Ma), the di-
versity in the migmatic products was related to the variability on melt
percent, melt distribution, and melt segregation in response to local
stress field variations and subordinately to protolith variations.

This study reports petrological, structural, thermobarometric, and
geochronological data of migmatites exposed over a large region from
the northern Sierra de Comechingones. These migmatites make up a
granulite massif stratigraphically assigned to the Calamuchita Meta-
morphic Complex (Otamendi et al., 2004). The main aim is to recon-
struct the metamorphic P-T-t path by combining structural observations
with thermobarometric determinations and U-Pb geochronology pre-
sented here and available from published literature. Altogether the new
data enable elucidating the crustal trajectory of the migmatitic rocks in
relation to the tectono-thermal evolution, which is associated with the
evolution of the western margin of Gondwana during the Pampean
Orogeny (Ramos, 1988; Rapela et al., 1998, 2007, 2016).

2. Regional geological background

The Sierras Pampeanas are fault-bounded N-S trending ranges of
Paleozoic crystalline basement that emerged from the Cenozoic sedi-
mentary cover. The mountain ranges were uplifted by reverse faults
during the Andean orogeny in response to the flat-slab subduction of the
Nazca Plate along the western margin of South America (Jordan and
Allmendinger, 1986). In this context, the Sierras de Cérdoba constitutes
the easternmost outcrops of the Eastern Sierras Pampeanas in
west-central Argentina (Fig. 1a). The Sierras de Cérdoba are tilted blocks
made up of an Upper Neoproterozoic-Lower Paleozoic
igneous-metamorphic basement intruded by Upper Paleozoic igneous
batholiths and separated by intermontane valleys filled with Mesozoic
and Cenozoic sedimentary sequences (Fig. 1a; Gordillo and Lencinas,
1979; Kraemer et al., 1995; Baldo et al., 1996; Rapela et al., 1998).
Schwartz et al. (2008) proposed that the basement rocks were part of a
calc-alkaline, metaluminous to weakly peraluminous magmatic arc (Lira
et al., 1997, 2014) in the eastern sector (Sierra Norte and southern part
of Sierras Chicas; Fig. 1a); and a metasedimentary sequence equivalent
to an accretionary prism (Simpson et al., 2003) in the western portion
(Sierras de Pocho, Grandes, Comechingones, and central part of Sierras
Chicas; Fig. 1a).

The western metasedimentary sequence is dominated by migmatites,
with minor proportions of gneisses, schists, and phyllites and subordi-
nate intercalations of amphibolites, marbles, and serpentinized
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ultramafic rocks (Gordillo and Lencinas, 1979; Martino et al., 1994,
2010; Baldo et al., 1996; Otamendi et al., 1999; Guereschi and Martino,
2014; among many others). Zircon and monazite geochronology docu-
ment high-grade metamorphism from 553 to 514 Ma (Rapela et al.,
1998; Sims et al., 1998; Gromet and Simpson, 1999; Tibaldi et al., 2008,
2019; Siegesmund et al., 2010; Ramos et al., 2015; Murra et al., 2016;
D’Eramo et al., 2020; Larrovere et al., 2021, Fig. 1a). Metamorphic rocks
are intruded by bimodal plutonic rocks, including both peraluminous
anatectic granitoids and mafic plutonic rocks such as those outcropping
in Cerro Pelado massif and Suya Taco, Sol de Mayo, and Rio Grande
complexes, among others (Gordillo, 1984; Demichelis et al., 1996;
Rapela et al., 1998; Schwartz et al., 2008; Tibaldi et al., 2008, 2014,
2021). U-Pb dating in zircons and monazites from anatectic granitoids
brackets this magmatic activity to a brief time period between 529 and
514 Ma (Lyons et al., 1997; Rapela et al., 1998; Stuart-Smith et al., 1999;
Escayola et al., 2007; Tibaldi et al., 2008; D’Eramo et al., 2020, Fig. 1a).
Recently, similar U/Pb zircon ages (535-522 Ma; Tibaldi et al., 2019)
were reported on anatectic granites emplaced along syn-migmatic
structures in the Santa Rosa river section (Fig. 1a and b). On the other
hand, there is less geochronology information available for the mafic
igneous suites including gabbros, gabbronorites, ferro-gabbros, and
ferro-diorites with OIB-like geochemical signature in transition to
tholeiitic (Demichelis et al., 1996; Rabbia et al., 1996; Tibaldi et al.,
2008, 2014, 2021, Fig. la and b). Ramos (1979) reported a K-Ar
amphibole age of 512 + 15 Ma (Fig. 1a); whereas U-Pb monazite dating
of the contact aureole and a metasedimentary granulite-facies septa
contained in mafic rocks of the northern of Sierra de Comechingones
(Suya Taco and Sol de Mayo complexes respectively; Fig. 1a and b) gives
ages of 520 + 3 Ma (Tibaldi et al., 2008, Fig. 1a). Consistently, U-Pb
zircon dating of OIB-like mafic rocks from central of Sierra de Come-
chingones (Rio Grande complex; Fig. 1a and b) yield a very similar age of
520 + 3 Ma (Tibaldi et al., 2021, Fig. 1a and b).

The most common structural feature displays by the granulite-facies
metamorphic rocks is a penetrative foliation (S;) observed as mineral
banding developed during the migmatization stage (Martino and
Guereschi, 2014; Tibaldi et al., 2019). The migmatitic structures show a
continuous evolution during a non-coaxial progressive deformation
(Barzola et al., 2019b; Tibaldi et al., 2019). The initial So, foliation,
defined by leucosomes oriented parallel to the relict S; foliation, is
progressively folded resulting in open to tight asymmetrical folds and a
new Sy, migmatitic foliation parallel to the axial plane of the folds
(Barzola et al., 2019b; Tibaldi et al., 2019). According to Martino and
Guereschi (2014) these structures correspond to a composite foliation S
(planar) + B (fold). High-strain rate nucleated in F, fold-limbs devel-
oped a strong elongation parallel to the axial plane without changes in
the mineral assemblages suggesting that this deformation waned over
the cooling stage (Barzola et al., 2019b; Tibaldi et al., 2019).

Post-metamorphic tectonic reworking related to crustal-scale
contraction of the early Ordovician Famatinian orogeny occurred as
shear zones transposing the metamorphic complexes of the Sierra de
Cérdoba (Martino, 2003; Otamendi et al., 2004; Steenken et al., 2010;
Demartis et al., 2017). These shear zones are N-S to NNE-SSW striking
with sub-vertical dips, and retain mineral assemblages re-equilibrated
under greenschist-facies conditions (Martino, 2003; Simpson et al.,
2003; Otamendi et al., 2004; Martino and Guereschi, 2014; Semenov
and Weinberg, 2017; Radice et al., 2021).

The study area extends over 600 km? in the western metasedi-
mentary sequence of the Sierras de Cordoba (Figs. 1 and 2). The
granulite-facies metamorphic rocks are part of the Calamuchita Meta-
morphic Complex (Otamendi et al., 2004) that partially overlaps with
the Sierra de Comechingones Metamorphic Complex (Martino et al.,
1995). The Calamuchita Metamorphic Complex (Fig. 1b) consists of a
metasedimentary sequence of stromatic migmatites and melt-depleted
to melt-rich diatexites with subordinate gneiss, granulites, per-
aluminous leucogranites, marble/calc-silicates, amphibolites with
MORB-like affinities, and metamorphosed peridotites (Otamendi et al.,
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Fig. 1. a) Simplified geologic map of the Sierras de Cérdoba (modified after Guereschi and Martino, 2014 and Tibaldi et al., 2021) showing the western meta-
sedimentary sequence (Sierra Grande, Sierra de Comechingones, Sierra de Pocho, and central part of Sierras Chicas) and part of the eastern calc-alkaline magmatic
arc (southern part of Sierras Chicas and Sierra Norte) outlined by the yellow dashed line. The map includes metamorphic and peraluminous and mafic magmatism
ages. The geochronological data of metamorphic ages are: (1,2) Sims et al. (1998); (3,4) Rapela et al. (1998); (5,6,7,8,9) Siegesmund et al. (2010); (10) Ramos et al.
(2015); (11,12) This work. The source of peraluminous magmatism ages data are: (1) Lyons et al. (1997); (2) Rapela et al. (1998); (3) Stuart-Smith et al. (1999); (4)
Escayola et al. (2007); (5) Tibaldi et al. (2008); (6,7) Tibaldi et al. (2019); (8) D’Eramo et al. (2020). The age of mafic rocks are after: (1) Ramos (1979); (2,3) Tibaldi
et al. (2021). The red rectangle corresponds to the study area of Fig. 2. The left box outlines the localization of Sierras de Cérdoba within the context of the Eastern
Sierras Pampeanas (modified after Otamendi et al., 2019) and in relation to South America and Argentina. b) Simplified geologic map of Sierra de Comechingones
(modified after Otamendi et al., 2014) which includes lithostratigraphic units mentioned in the text. The red rectangle corresponds to the study area of Fig. 2. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2004).
3. Methodology

The classification and description of migmatites broadly follows the
nomenclature proposed by Sawyer (2008). In text and figures, names
abbreviation for rock-forming minerals is according to Whitney and
Evans (2010).

Selected minerals from thin sections that include garnet, biotite,
feldspars, and cordierite were analyzed in a JEOL JXA-8200 electron
microprobe consisting of four WDS detectors in the University of Huelva

(Spain). The measurement time of each element was between 10 and 30
s using a voltage potential of 15 kV, an incident ray of 5 pm to diameter,
and a current of 20 nA. Natural and synthetic materials were used as
standards. Obtained data were reduced through the correction of the
PROZA matrix and/or with the method of Bence and Albee (1968).
Mineral chemistry analyses are from four stromatic metatexites (samples
SCP106b/106¢/114 and OCP10), one schollen-schlieren diatexite
(sample OCP14), and one nebulite diatexite (samples CCP15). In addi-
tion, we also present complementary mineral chemistry for six samples
(SCP301/104b/104¢c/13/18 and CCP12) taken after Barzola et al.
(2019a) and Otamendi et al. (2019). All chemical analyses are presented
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in the supplementary material Table Al.

Thermobarometry estimates were obtained through two indepen-
dent approaches. Conventional thermobarometry was performed using a
set of metamorphic reactions (geothermometers and geobarometers)
following the methodology of Spear (1993) and the thermodynamic
standard state properties, heat capacity parameters, compressibility
coefficients, and equations from Berman (1988) and Berman and Ara-
novich (1996). In order to account for non-ideal behavior of solid so-
lutions were used the activity models of Berman (1988) for garnet,
Holland and Powell (1992) model 1 for plagioclase, Patino Douce et al.
(1993) for biotite, and Berman and Aranovich (1996) for cordierite. P-T
conditions were calculated through the following metamorphic
reactions:

[R1 — Fe-Mg exchange in Bt-Grt]

Fe; ALSi;01; + KMg; AlSi; 010 (OH), = Mg; AL SOy
+ KFe;AlSi;0,0(OH),

[R2 — Fe-Mg exchange in Grt-Crd]

1/ 3Fe; AL, Siz0y, + 1/2Mg,AlSisOs = 1/3Mg, AL Siz0y; + 1/2Fe,AlSisOys

[R3 — GASP garnet-aluminosilicate-quartz-plagioclase]
Ca;ALSi30,; +2A1,Si05 + SiO, = 3CaAl,SiOg

[R4 — GBP garnet-biotite-plagioclase]
3CaAl,Si;0p, = AL (Mg, Fe)_; + CA;ALSi;0y, + (Mg, Fe),ALSi; 0,

The second procedure performs multi-equilibria calculation using
the software THERMOCALC and the internally consistent thermody-
namic database of Holland and Powell (2011). In THERMOCALC, the
mineral activities were determined with Tim Holland’s AX62 program
(last update in February 2019).

U-Pb zircon geochronology was performed in three representative
samples (SCP13, SCP527, and CCP40). Zircons were separated from
whole-rock, which included both melanosome and leucosome, following
standard methods that include the crushing, milling, and magnetic-
heavy liquids separation.

Samples SCP13 and SCP527 were analyzed in the ChronusCamp
Research laboratories (http://www.chronuscamp.com/index.html).
Cathodoluminescence images (CL) were made from handpicked zircons
and mounted in epoxy using an FEI Quanta 250 scanning electron mi-
croscope. U-Pb ratios were measured using a laser ablation system
coupled to a plasma emission and mass spectrometry system (LA-ICP-
MS). To optimize the analysis, the laser operated at 7 Hz generating an
ablation spot of ~30 pm of diameter. GJ-1 zircons (Jackson et al., 2004)
were used as primary standards measured every 10 unknown analyses in
order to correct for Pb/U fractionation and Pb isotopes during routine.
Plesovice (Slama et al., 2008) was used as a secondary standard in order
to assess the reproducibility of the data.

Sample CCP40 was analyzed at the California State University (USA).
Zircons were handpicked and mounted in epoxy were imaged with a
Gatan MiniCL detector attached to an FEI Quanta 600 electron micro-
scope. Uranium-lead ratios were collected using a ThermoScientific
Element2 SF-ICP-MS coupled to a Teledyne Cetec Analyte G2 Excimer
Laser which was operated at a wavelength of 193 nm. Furthermore,
beam diameter was 25 pm with an ablation depth of 20-30 pm, being
operated with a power of 10 Hz. 91,500 zircons (Wiedenbeck et al.,
1995, 2004) were used as the primary standard and was analyzed every
10-15 unknown analyses. Temora 2 zircons (Black et al., 2004) were
employed as a secondary standard.

Reduction of the analytical data was performed using the Iolite
software (Paton et al., 2011) in both laboratories. The final data pro-
cessing and plotting was carried out with Isoplot 3.0 (Ludwig, 2003). A
discordance filter was applied whereby we excluded analyses with more
30% of discordance (< 70% in concordance comparing 2°°Pb/?%%U and
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206pt, /207p, ages), more than 5% of inverse discordance (< 105% in
concordance), and 206py, /238y ages less than 500 Ma with large un-
certainties (Gehrels et al., 2008). Simultaneously, since usually an in-
crease in the uncertainty of 2°°Pb/?3%U ages occurs at the same time that
decreases uncertainty in 2°°Pb/207Pb ages as a function of age (Williams,
1998); 209pb,/238Y ages were considered for <900 Ma and 2°°Pb/?%”Pb
ages for >900 Ma. Analytical data are reported in the supplementary
material Table A2.

4. Results
4.1. Morphology, field description and petrography of the migmatic rocks

The study area consists of early Paleozoic crystalline metamorphic
rocks of prevailing migmatites and anatectic granites with subordinate
outcrops of mafic plutonic rocks (Barzola et al., 2019a, Fig. 2). The
migmatic rocks encompass a complete range from metatexites to dia-
texites formed during a single high-grade metamorphic event. According
to their internal structures, migmatites vary among patch, net, and
stromatic metatexites to schollen-schlieren and nebulite diatexites
(Figs. 2 and 3).

Patch and net metatexites are locally found in the south-central sector
of the study area (Fig. 2). This rock type outcrops as few meters thick
tabular bodies showing well-defined contacts with stromatitic migma-
tites. The paleosome consists of a medium-grained mesocratic gneissic
rock with granolepidoblastic texture showing millimeter-thick layering
(Fig. 3a). It is composed of quartz, plagioclase, dark brown to greenish
biotite, and pink garnet with numerous quartz, biotite, and opaque
minerals inclusions in the core of the crystals. The neosome is leuco-
cratic, medium-to coarse-grained size, and with equigranular texture
(Fig. 3a). It consists of patches of dispersed melt that coalesce forming a
rhombohedra-style network of interconnected leucosomes around the
relict paleosomes (Fig. 3a). The neosome contains quartz, plagioclase, K-
feldspar, garnet (located in the center of the melt patches and leuco-
somes), and very scarce dark brown to reddish biotite. Accessory min-
erals common to both paleosome and neosome are zircon, monazite,
apatite, and Fe-Ti oxides.

Stromatic metatexites are the most abundant rocks in the study area
(Fig. 2). They mainly outcrop as tabular bodies, although locally, when
the volume fraction of leucosome increases exhibit sub-rounded mor-
phologies. This rock type displays clear separation of leucosome-
melanosome pair in plane-parallel to folded layers (Fig. 3b). However,
it is sometimes observed a relict mesocratic gneissic paleosome. Paleo-
some appears as tabular bodies, up to 2 m long and 50 cm in thick
(Fig. 4a), with millimeter-thick layers of alternating medium-grained
granoblastic and fine-grained lepidoblastic textural domains. The
typical paleosome mineral assemblage is quartz, plagioclase, pale to
dark brown biotite, and scarce garnet with zircon, monazite, apatite,
and Fe-Ti oxides as accessory minerals.

According to their mineralogical composition, stromatic metatexites
are subdivided into Kfs + Grt and Kfs + Grt + Sil + Crd varieties
(Fig. 4a). All stromatic metatexites have up to 5 cm thick leucosomes
with medium to coarse granular texture interspersed with 2-7 cm thick
medium-to coarse-grained granolepidoblastic melanosomes. Addition-
ally, Kfs + Grt + Sil + Crd stromatite develops porphyroblastic texture,
and a thin (1-2 mm) biotite-rich mafic selvedge usually appears between
the leucosome-melanosome pairs. Leucosomes in stromatites are domi-
nated by quartz and plagioclase with variable K-feldspar proportions,
sporadic inclusions-free idiomorphic fine-grained garnets, and a few
reddish brown biotites. In contrast, melanosomes are made up of reddish
brown biotite, quartz, plagioclase, and idiomorphic to xenomorphic
garnet; whereas minor proportions of sillimanite, and less frequently
cordierite also occur in Kfs + Grt + Sil + Crd stromatites (Fig. 3c).
Plagioclases of leucosomes show myrmekite textures and K-feldspars are
micro-to mesoperthitic. Biotites usually display intergrowths with
quartz, and locally present internal exsolution of acicular rutiles.
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Garnets show inclusions of biotite and quartz in their cores and occa-
sionally, in the Kfs-Grt-Sil-Crd stromatites type, fine-grained sillimanite
needles in their rims. Also, locally some garnets are partially surrounded
by biotite which in turn may partially transform to chlorite. Sillimanite
appears either as well-defined prisms associated with garnet and biotite
or as fine needles in plagioclase or cordierite. Locally, relict kyanite is
part of the mineral assemblage in stromatic migmatites from the east
edge of the Cerro Pelado dam (Fig. 3d). Cordierite occurs as coarse-
grained xenoblasts elongated parallel to the biotite-garnet-rich layers
(Fig. 3c). Sporadically cordierite is partially rimming to garnet. The most
common accessory minerals in both types of stromatites are zircon,
monazite, apatite, and Fe-Ti oxides.

Schollen-schlieren diatexites are sub-rounded bodies which display
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Fig. 3. a) Patch and net metatexite showing patches
of leucosome and a rhombohedra shaped network of
interconnected leucosomes around the relict paleo-
some. b) Stromatic metatexite with the leucosome-
melanosome pair folded in open folds. ¢) Photomi-
crograph of Kfs + Grt + Sil + Crd stromatites dis-
playing cordierites as coarse-grained xenoblasts
elongated parallel to the biotite-garnet-rich layers. d)
Photomicrograph of Kfs + Grt + Sil + Crd stromatite
showing a relict kyanite grain. e) Transitional contact
between stromatic metatexite and schollen-schlieren
diatexite. f) Stromatic rafts included inside schollen-
schlieren diatexite that is oriented parallel to an in-
ternal mineral orientation of the diatexite rock dis-
played by phyllosilicates and feldspars. g) Leucocratic
nebulite diatexite where pre-anatectic structures are
completely replaced by a magmatic-type diatexitic
foliation. h) Photomicrograph of mesocratic nebulite
diatexite showing cordierites as both peritectic xen-
oblasts altered to pinnite and pristine cordierite sur-
rounding garnet.

transitional contact, at outcrop scale, with metatexite rocks (Fig. 3e).
They exhibit granular to porphyric texture and medium-to coarse-
grained size. These diatexites are characterized by the presence of
abundant irregular remnants of stromatic metatexites comprising
centimeter-to meter-sized schollen (Fig. 3f), which often are dis-
integrated into biotite-schlieren. These structures are usually arranged
parallel to an internal mineral orientation displayed by phyllosilicates
and feldspars, evidencing bulk magmatic flow (Fig. 3f). The mineral
assemblage includes quartz, plagioclase with myrmekite texture,
microperthitic to mesoperthitic K-feldspar, reddish brown biotite, sub-
idiomorphic to idiomorphic garnet, scarce sillimanite, and sporadic
xenoblasts of cordierite. Garnet cores contain numerous inclusions of
biotite and quartz, whereas the rims are usually inclusions-free or
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sometimes develop tiny sillimanite needles. Secondary biotite partially
surrounds and replaces some garnets. Biotite often shows local exsolu-
tions of acicular and/or nodular rutile. Cordierite is peritectic and ap-
pears in contact with garnet, biotite, and felsic minerals. Zircon,
monazite, apatite, and Fe-Ti oxides are conspicuous accessory minerals.

Nebulite diatexites occur as globate bodies resembling a granitic
landscape. These diatexites are homogeneous and present a magmatic
foliation given by the orientation of feldspars and cordierites. Small rafts
of stromatic metatexites and biotite schlieren, plus elongated and
irregular centimetric to metric mafic intrusives are generally arranged
parallel to this magmatic foliation (Tibaldi et al., 2021). Less frequently,
mafic dykes are also observed (Tibaldi et al., 2021). Diatexites vary from
equi-to inequigranular rocks, and are even locally porphyric, with
coarse to medium grain size. Based on the mineral assemblages, two
subtypes of nebulite diatexites are distinguished. A subordinate pro-
portion is a leucocratic nebulite (Fig. 3g) made up of quartz, plagioclase
with abundant myrmekite textures, mesoperthitic K-feldspar, reddish
brown biotite, idiomorphic to subidiomorphic garnet, and sporadic
sillimanite. Occasionally, leucocratic nebulites develop K-feldspars
idiomorphic megacrystals and partial biotite replacement along the
garnet fractures and edges. The dominant diatexites are mesocratic
nebulites displaying schollen/schlieren structures. Mesocratic nebulites
consists of quartz, plagioclase, micro-to mesoperthitic K-feldspar, laths
of reddish-brown biotite, idiomorphic to subidiomorphic garnet, abun-
dant cordierite, and scarce sillimanite. Plagioclase commonly develops
myrmekite texture, and biotite locally shows nodular to acicular rutile
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Fig. 4. a) Stromatic metatexite with Sy, stromatic
layering preserving the compositional banding
inherited from a relict S primary bedding. Note in
the paleosome the preservation of an internally S;
metamorphic foliation. b) Example of Sz, stromatic
layering disturbed by F, folds showing thickened
hinges and thinned forelimbs. c¢) Fold formed by
progressive tightening of S, + F» folded stromatic
foliation (on the right side) that ends up with the
generation of the Sy}, axial plane foliation (on the left
side). d) S,, + F5 folded stromatic foliation truncated
by the Sy, axial plane foliation giving rise to sub-
parallel to parallel melt migration with respect to
the fold axial plane. e) Sy high-temperature shear
foliation, generated under amphibolite-to granulite-
facies, oriented parallel to a Sy}, axial plane foliation
that generates penetrative millimeter-layering. f)
Metatexite with S3 mylonitic fabric showing quartz-
feldspathic aggregates as o-type porphyroclasts.

exsolutions. Garnet usually presents quartz, biotite and opaque minerals
as core-inclusion, as well as acicular sillimanite at their rims. Cordierite
appears with distinct textural relationships (Fig. 3h). One type of
cordierite occurs as peritectic xenoblasts with felsic minerals commonly
pinnitized (Fig. 3h). Another cordierite type surrounds garnets and is
mostly pristine (Fig. 3h). Accessory mineralogy is common to both
subtypes of diatexites and consists in zircon, monazite, apatite, and
Fe-Ti oxides.

Anatectic granitoids derived from partial melting of the metasedi-
mentary country rocks and have granitic to tonalitic compositions
(Otamendi et al., 2019). They are spatially associated with metatexite
migmatites and occur as centimeter-to several meter-wide dikes and sills
(Fig. 2). Less frequently, anatectic granites occur as globular bodies of a
few tens meters in diameter. Typically, they vary from medium-grained
to pegmatitic-type rocks, with equigranular to inequigranular hypidio-
morphic texture. Sometimes, a magmatic foliation given by the orien-
tation of phyllosilicates and feldspars is recognized. Anatectic granites
are quartz and plagioclase-rich with variable amounts of K-feldspar,
biotite, garnet, muscovite, sillimanite, and cordierite. Scarce zircon,
monazite, apatite, and Fe-Ti oxides are accessory minerals.

4.2. Sequence of structures

Here we summarized the most relevant structural features while a
detailed description was presented elsewhere (Barzola et al., 2019b).
The oldest discernible fabric in the area is a relict primary bedding (Sp)
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given by an interspersed of compositional layers, which are defined by
changes in modes and mineral assemblages resulting in Kfs + Grt and
Kfs + Grt + Sil &+ Crd stromatites (Fig. 4a). It has been shown that the
primary bedding corresponds to compositional variation in the sedi-
mentary precursors which varies from quartz-to aluminous-greywackes
(Otamendi and Patino Douce, 2001; Barzola et al., 2019a; Otamendi
et al.,, 2019). Furthermore, an early metamorphic foliation (S;),
observed as millimeter banding (Fig. 4a) and produced by metamorphic
segregation in sub-solid state, is preserve in paleosomes and refractory
layers of migmatitic rocks. Both Sy and S; pre-migmatitic fabrics are
locally recognized, but most of these early structures have been almost
entirely obliterated by partial-melting processes associated with
granulite-facies metamorphism (Barzola et al., 2019b).

The S syn-migmatic fabrics are dominant throughout the study area
(Barzola et al., 2019b). The earliest migmatitic fabric is characterized by
a continuous stromatic layering (S2,) defined by segregation of
leucosome-melanosome pairs arranged parallel to the prior S;
gneissosity (Fig. 4a). This stromatic banding is disturbed by a hetero-
geneous fold system (F3) which has wavelengths ranging from a few
centimeters to several hundred meters. Fy folds evolved from open,
parallel and symmetrical to upright, tight/isoclinal, and asymmetric
with thickened hinges and thinned forelimbs (Fig. 4b and c). Fold-axes
plunge 38° to northeast whereas the limbs trends between N330° and
N40° with moderate to highly dipping to the east (45°-75°), and locally
high angle (75°-80°) to the west. Progressive tightening of the folded Sz,
stromatic fabric ends up in the generation of a new migmatitic foliation
(S2p) nucleated parallel to the axial plane of the F folds (Fig. 4c and d).
As a result, Syp, is recognized from folded layers truncations (Fig. 4c),
which originate cleavage surfaces, and melt migration parallel or
sub-parallel to the folds axial plane (Fig. 4d) with N-S trending
(N355°-N5°) and moderate east-dipping (40°).

Locally, high-strain deformation led to development of discrete
ductile shear zones. Along these surfaces both texture and microstruc-
ture were reworked generating a high-temperature (amphibolite/gran-
ulite facies) shear foliation (Sa.), but still preserving the migmatitic
mineral assemblage. The Sy high-temperature shear foliation shows the
development of garnet porphyroclasts, transformation of sillimanite in
fibrolite, and generation of sigmoidal S-C structures that progressively
rotate until making a strongly penetrative millimeter-layering wherein
Sop become parallel to Sy (Fig. 4e). So. high-temperature shear foliation
trends between N340°-N30° with a moderate average dipping to the east
(45-50°). Ly mineral lineation, displayed on Sy surface, has an average
plunging of 45° to the northeast. Taken together, the set of migmatitic
structures suggests a strongly non-coaxial compressive deformation with
west-verging and slightly dextral sense component (Barzola et al.,
2019b).

Migmatitic structures have been locally reworked by a variably
developed post-migmatitic mylonitic deformation. Mylonitic deforma-
tion is nucleated in centimetric to metric shear bands that are charac-
terized by the development of o-type porphyroclasts formed by garnets
and quartz-feldspathic aggregates, the generation of brittle-ductile S-C
structures, strong reduction of size grain rock, and partial retrograde of
migmatitic mineral assemblage to muscovite + chlorite association
(Fig. 4f). This textural, microstructural, and mineral reworked result in
an S3 mylonitic and post-migmatitic fabric developed under
amphibolite-to greenschist-facies conditions. S3 mylonitic fabric has N-S
trending (N350°-N20°) with an average dipping of 60° to the east. L3
mineral lineation plunges 40°-50° to E-SE (90°-120°). Structural
markers of shear sense yield a compressive stress with an inverse and
slightly sinistral movement with west-verging (Barzola et al., 2019b).

4.3. Mineral chemistry and thermobarometry of anatectic rocks
4.3.1. Patch and net metatexites

Chemically, garnets from patch and net metatexite differ from gar-
nets of other migmatitic rock types, because typically develop zoned
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profiles (Fig. 5a). The almandine [Xa}, = Fe/(Fe + Mg + Ca + Mn)] and
pyrope [Xpy, = Mg/(Fe + Mg + Ca + Mn)] end-members increase
rimwards (Xaim = 0.73 to 0.76 and Xpy, = 0.11 to 0.14), whereas
grossular [Xgrs = Ca/(Fe + Mg + Ca + Mn)] and spessartine [Xgps = Mn/
(Fe + Mg + Ca + Mn)] decrease in the same directions (Xgrs = 0.10 to
0.09 and Xgps = 0.05 to 0.02) suggesting growth during metamorphic
prograde (Yardley, 1977, Fig. 5a). Micas are mostly biotite (Fig. 5b; Deer
et al., 1993), but they are divided according to their chemical compo-
sition and textural position into two groups. Biotite included in garnet
cores has low Ti contents (0.12 a. f.u.), a medium Xy [0.48 with Xy, =
Mg/(Mg + Fe)], and AlY and A1V contents of 1.33 a. f.u. and 0.16 a. f.u.,
respectively (Fig. 5c-f). Contrarily, biotite of the matrix mineral
assemblage has relatively high Ti (0.22-0.24 a. f.u.) and A" (1.36-1.38
a. f.u.) contents, but low amounts of AV (0.10-0.14 a. f.u.) and mag-
nesium molar fraction (Xmg ~ 0.4; Fig. 5¢—f). Plagioclase is oligoclase
with compositions varying over a narrow range (Abyg.72Anze 290r17.2;
Fig. 5g) excluding a single data with andesine composition (AbgyA-
n30ry; Fig. 5g).

Thermobarometric calculations were performed taking into account
the chemical variation across the garnet profile (Fig. 5h and Table 1).
First, and considering the paleosome mineral assemblage (Qz + Pl + Bt
+ Grt), P-T conditions were estimated by linking the garnet core com-
positions, with the compositions of the biotite included in them, and the
plagioclases with lower anorthite content. Bt-Grt thermometer (R1 re-
action) yielded equilibrium temperatures of 619 + 30 °C; whereas the
GBP barometer (R4 reaction) gave estimated pressures of 0.69 + 0.02
GPa (Fig. 5h and Table 1). Instead, for garnet rim compositions, R1 re-
action adjust by R4 reactions yielded temperatures of 790 + 25 °C
(Fig. 5h and Table 1) for pressures of 0.84 + 0.05 GPa (GBP barometer;
Fig. 5h and Table 1), considering the mineral assemblage Qz + P1 + Kfs
+ Grt + Bt developed in the neosome.

Given the lack of alumina polymorph in the mineral assemblage, the
GASP barometer (R3 reaction) cannot be applied and multi-equilibria
calculation introduces a large uncertainty. The presence of relict
kyanite together with sillimanite in nearby rocks is interpreted to reflect
that the metamorphic sequence could have evolved within the kyanite
stability field before anatexis. Whereas peritectic sillimanite provides
evidence for anatexis occurred within the sillimanite stability field. In
theory, P-T estimates assuming alumina saturation of the mineral
assemblage yield maximum P-T results (Patino Douce et al., 1993). As it
is well accepted, applying GASP barometer and multi-equilibria calcu-
lation in alumina polymorph-absent rocks provides an independent test
for other barometers. Consistently, GASP barometer yields a maximum
pressure of 0.83 + 0.03 GPa for garnet cores analyses and 0.98 + 0.07
GPa for the rims (Fig. 5h and Table 1); whereas P-T conditions of 645 +
34°C-0.78 + 0.04 GPa and 735 + 43 °C - 0.78 + 0.05 GPa (Fig. 5h and
Table 1) were achieved respectively using multi-equilibria calculations
(THERMOCALQ).

4.3.2. Stromatic metatexites

The mineral chemistry of the stromatic metatexites is heterogeneous
at regional scale, and its variability correlates to the degree of preser-
vation of structural features that predate morphological reorganization
during anatexis. A first group of stromatic metatexites, which are similar
to bedded migmatites in Otamendi et al. (2019), are characterized by
preserving the compositional banding inherited from relict Sy primary
bedding interpreted to be the alternation of quartz-metagreywacke and
aluminous-metagreywacke beds of the sedimentary package (Otamendi
and Patino Douce, 2001; Barzola et al., 2019a; Otamendi et al., 2019). In
both layers, the garnet compositions are dominated for almandine
end-member (Xaim) with less proportions of pyrope (Xpyp) and minor
grossular (Xg;s) and spessartine (Xsps) contents (Fig. 6a and b). In
particular, garnet of quartz-metagreywacke layers has an almost flat
compositional zoning pattern (Almgg e9Pypas-28Grss-3Spsa-3; Fig. 6a),
typical of diffusion processes at high-grade conditions (Yardley, 1977).
Whereas, garnet of aluminous-metagreywacke layers shows a
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Fig. 5. Mineral chemistry of patch and net metatexites. a) Compositional garnet profile. b) Classification of micas taken after Deer et al. (1993). ¢) Aluminium (IV)
vs. Aluminium (VI), d) Aluminium (IV) vs. Titanium (VI), e) Vacancy (VI) vs. Titanium (VI), and f) Vacancy (VI) vs. Aluminium (VI) diagrams. The arrow indicates
the direction of ion-exchange vector. g) Anorthite-Albite-Orthoclase ternary diagram. h) P-T diagram showing the equilibrium conditions estimated from integrating

the P-T estimates. The P-T stability of alumina polymorphs is after Pattison (1992).

compositional profile in almandine and pyrope end-members with
almost constant compositions (Xaim = 0.68-0.70 and Xpy, = 0.25-0.26)
in a wide core zone, and increase in almandine (Xa, = 0.74) and
decrease in pyrope (Xpyp = 0.21) components towards the rims (Fig. 6b),
suggesting a chemical homogeneity at peak conditions followed by
retrograde in Fe/Mg exchange reaction (Kohn and Spear, 2000). Biotite
in both layers is Ti-rich (0.22-0.31 a. f.u.) with Xy, between 0.58 and
0.71, and ALY and AI"" content varies around 1.29-1.36 a. f.u. and
0.21-0.33 a. f.u., respectively (Fig. 6¢—f). Plagioclase is oligoclase with
compositions Abyg.73Angs 23012 4 for quartz-metagreywacke layers and
Ab77.78Any; 210r7 for aluminous-metagreywacke layers (Fig. 6g). Alkali
feldspar has Abj 17An;Orgs g7 compositions (Fig. 6g).

P-T estimates were performed considering the mineral assemblages

Qz + Pl + Bt + Grt + Kfs for the quartz-metagreywacke layers (samples
SCP104c and SCP106¢), and Qz + Pl + Kfs + Bt + Grt + Sil for the
aluminous-metagreywacke layer (sample SCP104b). Thus, for the wide
core zone of the garnet in the aluminous-metagreywacke layer
(SCP104b), intersections of R1, R3 and R4 reactions give equilibrium
conditions of 765 + 20 °C for pressures between 0.76 + 0.03 GPa (GBP
barometer) and 0.69 + 0.04 GPa (GASP barometer; Fig. 6h and Table 1).
These results are consistent with the estimates applying THERMOCALC,
which yield a little higher temperature value (810 + 72 °C) within the
same pressures range (0.73 + 0.05 GPa; Fig. 6h and Table 1). On the
other hand, in the quartz-metagreywacke layers (samples SCP104c and
SCP106c), the convergence of R1 thermometer and R4 barometer yiel-
ded average temperatures and pressures of 745 + 35 °C - 0.65 + 0.03
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Table 1
Summary of thermobarometric estimates.
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Sample Typerock  Mineral assemblage Mineral spot ~ Conventional thermobarometry Multi-equilibria
thermobarometry
Fe-Mg (Bt- Fe-Mg (Grt- GASP GBP THERMOCALC
Grt) Crd)
T (°C) T (°C) P (GPa) P (GPa) T (°C) P (GPa)
SCP 301 PNM Qz + Pl + Bt + Grt Core-grt 619 + 30 0.83 +0.03 0.69 + 0.02 645 + 34 0.78 + 0.04
Qz + Pl + Kfs + Grt + Bt Rim-grt 790 + 25 0.98+0.07 0.84+0.05 735+43 0.78+0.05
SCP104b  SM (As) Qz + Pl + Kfs + Bt + Grt + Sil Core-grt 765 £ 20 0.69+0.04 0.76+0.03 810+72 0.73+0.05
SCP 104c  SM (Qz) Qz + P1 + Bt + Grt + Kfs Core-grt 715 + 30 0.63+0.03 815+67 0.68+0.04
SCP 106¢ SM (Qz) 775 + 25 0.67 +0.03 800 + 56 0.67 +0.03
OCP 10 SM Qz + P1 + Kfs + Bt + Grt + Sil Core-grt 760 £ 25 0.76 £0.03 0.76 £0.02 825+45 0.77 +0.07
Rim-grt 500 + 30 0.31+0.04 0.34+0.03 555+70 0.47 £0.15
SCP 13 SM Qz + Pl + Kfs + Bt + Grt + Sil Core-grt 795 + 25 0.78 +0.02 0.8 £ 0.02 820 + 62 0.77 +0.01
Rim-grt 555 + 35 0.42+0.04 0.43+0.02 520+65
SCP 114 SM Qz + Pl + Kfs + Bt + Grt + Sil Core-grt 800 + 35 0.74+0.06 0.82+0.05 828+54 0.8+0.05
SCP106b  SM Qz + Pl + Kfs + Bt + Grt + Crd £ Sil ~ Core-grt 810 + 20 775 + 40 0.68£0.07 0.77+0.06 800+55 0.81+0.07
OCP 14 SSD Qz + Pl + Kfs + Bt + Grt =+ Sil Core-grt 820 + 30 0.67 + 0.06 0.74 + 0.04 815 + 54 0.79 £ 0.15
SCP 18 SSD 855 + 55 0.68+0.05 0.74+0.05 835+65 0.78+0.08
CCP 12 ND Qz + Pl + Kfs + Bt + Grt + Crd + Sil ~ Core-grt 755 + 55 780 + 35 0.56+0.07 0.63+0.05 855+55 0.66=+ 0.1
CCP 15 ND 805 + 30 785 + 30 0.6 + 0.06 0.71 + 0.05 850 + 59 0.67 +0.09

Note: PNM: Patch and net metatexite; SM (As): Stromatic metatexite (Aluminous-metagreywacke layer); SM (Qz): Stromatic metatexite (Quartz-metagreywacke layer);

SM: Stromatic metatexite; SSD: Schollen-schlieren diatexite; ND: Nebulite diatexite.

GPa (Fig. 6h and Table 1). The lack of alumina polymorph in stromatic
migmatites may bias the results of multi-equilibria calculations. How-
ever, the presence of sillimanite in the interbedded aluminous-
metagreywacke layer (sample SCP104b) is taken to reflect that the
entire migmatic sequence evolved within the sillimanite stability field.
Following these arguments, THERMOCALC estimations were done
assuming that sillimanite was stable. In both samples, equilibrium
conditions give slightly higher temperature values at the same pressure
range with respect to conventional thermobarometry (Fig. 6h and
Table 1). These results are within the error range of P-T determinations
in the adjacent aluminous-metagreywacke layer (sample SCP104b).

In a second group of stromatites, pre-migmatic fabrics have been
obliterated and replaced by syn-migmatic fabrics. Garnet composition
varies from Almgg.69Py25.208Grs4.5Sps2 in the core to Almyq 76Pyie.
18Grs3Spss rimwards (Fig. 7a), showing a zoned profile typically
assigned to ion-exchange during cooling (Kohn and Spear, 2000). Micas
are mostly biotite (Xj;g = 0.50-0.65) with minor proportion of phlogo-
pite (Xmg ~ 0.73). In general, both are rich in Ti (0.16-0.29 a. f.u;
Fig. 7d and e) and the Al"Y content range between 1.25 and 1.35 a. f.u.,
whereas AlY! varies over a wide range (0.22-0.40 a. f.u.; Fig. 7c and f).
Plagioclase is oligoclase to andesine with Abgs.73An56.340r1.2 composi-
tions (Fig. 7g). Alkali feldspar is orthoclase (Ab;1.15An;.90rg3 gg; Fig. 7g)
and usually has perthitic albite-rich intergrowths (Abg7An3Or;; Fig. 7g).
Cordierite has a uniform Xy ranging between 0.73 and 0.75.

P-T estimates were performed using both core and rim garnet com-
positions, and considering the mineral assemblages Qz + P1 + Kfs + Bt +
Grt + Sil for samples SCP13, SCP114 and OCP10, and Qz + P1 + Kfs + Bt
+ Grt + Crd =+ Sil for sample SCP106b (Fig. 7h and Table 1). Using the
composition of garnet core, convergence of R1, R3 and R4 reactions
gives equilibrium average conditions of 795 + 40 °C and 0.77 + 0.04
GPa (samples OCP10, SCP13 and SCP114; Fig. 7h and Table 1).
Consistently, multi-equilibria P-T estimates (THERMOCALC) yield
average temperatures and pressure of 820 + 45 °C - 0.78 £ 0.06 for the
same set of samples (Fig. 7h and Table 1). In the sample SCP106b the Bt-
Grt thermometer gives temperatures of 810 £ 20 °C (Fig. 7h and
Table 1), whereas Grt-Crd thermometry yields values 35 °C lower
(Fig. 7h and Table 1). GBP and GASP barometers estimate average
pressures of 0.73 + 0.07 GPa (Fig. 7 and Table 1). Always, THERMO-
CALC algorithm produces similar temperatures (800 + 55 °C; Fig. 7h
and Table 1) but higher pressures (0.81 + 0.07 GPa; Fig. 7h and Table 1)
than conventional thermo-barometers. In contrast, when the outermost
rim garnet compositions is combined with low-titanium biotite and the
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lowest anorthite contents in plagioclase, both conventional and multi-
equilibria thermobarometry give re-equilibrium P-T conditions be-
tween 500 and 600 °C and 0.3-0.5 GPa (Fig. 7h and Table 1).

4.3.3. Schollen-schlieren diatexites

Garnet in schollen-schlieren diatexites also consist in a solid solution
dominated by almandine end-member (Almg;.69Py2s5.27Grs3.4Spsa-3),
and displays a wide core zone typical of high-temperature diffusion
processes (Fig. 8a). However, most garnet shows a slight increase of
almandine (Xam = 0.73-0.74) and decrease of pyrope (Xpy, =
0.20-0.21) towards the outermost rim (Fig. 8a). Biotite has variable Xyg
(~0.51-0.57), high Ti contents (0.22-0.30 a. f.u.), and little variation in
ALY (1.26-1.34 a. f.u) and A1V (0.26-0.37 a. f.u.; Fig. 8c-f). Plagioclase
varies between oligoclase and andesine but over narrow compositional
range (Abgy.71Angg.310r1.3; Fig. 8g). Alkali feldspar is orthoclase with
compositions of Abg15An;Orgs.gz (Fig. 8g), and abundant perthitic
intergrowth of intermediate compositions (Abyg.egAn;s.160r15.18;
Fig. 8g).

P-T estimates for the samples SCP18 and OCP14 used the garnet
compositions from a wide core zone considering the Qz + P1 + Kfs + Bt
+ Grt + Sil mineral assemblage (Fig. 8h and Table 1). Most of the
thermo-barometers such as reactions R1, R3 and R4 yield average
temperatures and pressures of 835 + 45 °C - 0.71 £ 0.05 GPa (Fig. 8h
and Table 1). Consistently, multi-equilibria calculation (THERMOCALC)
gives very similar temperatures and lightly higher pressures (Fig. 8h and
Table 1).

4.3.4. Nebulite diatexites

Similarly to the other migmatic rocks, garnet is a solid solution in
which predominates almandine over the other end-members. Garnet
shows a typical flat zoning pattern with almost constant compositions
(Almgg.69Py25.20Grs2 3Spsy; Fig. 9a). Sporadically, a few garnets exhibit
narrow compositional variation restricted to external rims suggesting
border re-equilibrium driven by Fe-Mg exchange. In these cases, the
almandine molar fraction increases to 0.73, with decreasing pyrope
molar fraction up to 0.22 (Fig. 9a). Biotite is Ti-rich (0.22-0.29 a. f.u.),
has variable Xy (0.56-0.62), and tetrahedral and octahedral aluminium
contents ranging between 1.25 and 1.32 a. f.u. and 0.24-0.32 a. f.u.,
respectively (Fig. 9b-f). Plagioclase is oligoclase (Abgg.73An26.30017-2;
Fig. 9g) in sample CCP15, and andesine (Abg4.¢7An32 35011.2; Fig. 9g) in
sample CCP12. Alkali feldspar is orthoclase (Ab;g.13An;Orgs.g7; Fig. 9g)
and wusually develops perthitic intergrowths of intermediate
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Fig. 6. Mineral chemistry of stromatic metatexites preserving the compositional banding inherited from relict Sy primary bedding termed as bedded metatexites in
Otamendi et al. (2019). a) Compositional garnet profile of quartz-metagreywacke layers. b) Compositional garnet profile of aluminous-metagreywacke layers. c)
Classification of micas taken after Deer et al. (1993). d) Aluminium (IV) vs. Aluminium (VI), ) Aluminium (IV) vs. Titanium (VI), and f) Vacancy (VI) vs. Titanium
(VD) diagrams. The arrow indicates the direction of ion-exchange vector. g) Anorthite-Albite-Orthoclase ternary diagram. h) P-T diagram showing the equilibrium P-T
estimates using core garnet compositions of quartz-metagreywacke and aluminous-metagreywacke layers.

compositions (Absg.45An3.g0r46.65; Fig. 9g). Irrespective of the textural
position, cordierite has uniform Xy (~0.73-0.74).

Conventional thermobarometric estimates for nebulite diatexites (i.
e., samples CCP12 and CCP15) was performed using the mineral
assemblage Qz + P1 + Kfs + Bt + Grt + Crd + Sil (Fig. Sh and Table 1).
For garnet core compositions, the R1 and R2 thermometers yield similar
equilibrium temperatures around 755 + 45 °C (Fe-Mg exchange Grt-Bt)
and 780 + 35 °C (Fe-Mg exchange Grt-Crd) in the sample CCP12
(Fig. 9h and Table 1); and between 805 + 30 °C (Fe-Mg exchange Grt-
Bt) and 785 + 30 °C (Fe-Mg exchange Grt-Crd) for the sample CCP15
(Fig. 9h and Table 1). In contrast, equilibrium pressures range between
~0.55 and 0.7 GPa (Fig. 9h and Table 1). Supporting conventional
thermobarometry, similar P-T conditions of 855 + 55 °C - 0.66 + 0.1
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GPa (sample CCP12; Fig. 9h and Table 1) and 850 + 59 °C - 0.67 + 0.09
GPa (sample CCP15; Fig. 9h and Table 1) are obtained with
THERMOCALC.

4.4. U-Pb geochronology

4.4.1. Nebulite diatexite (sample CCP40)

Zircon in this sample has variable morphologies ranging from sub-
rounded prisms with irregular or fragmented edges to ovoid crystals.
CL images show a homogeneous and concentrically to irregular zoned
crystals (Fig. 10a). The U/Pb concordia plot gives the widest age spec-
trum of the three studied samples (Fig. 10b). The older concordant age
(Fig. 10b) is a single spot analyzed in the core of a concentrically zoned
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Fig. 7. Mineral chemistry of stromatic metatexites dominated by syn-migmatic fabrics. a) Compositional garnet profile. b) Classification of micas taken after Deer
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conditions estimated from core garnet compositions, and the retrograde path inferred from rim garnet compositions.

zircon, with Th/U values of 0.98 that yields a%’Pb/2°°Pb age of 1839
Ma. Nonetheless, the two most important age clusters consist in Meso-
proterozoic and Neoproterozoic inherit ages. Mesoproterozoic ages,
comprising thirteen spots analyzed in the zircons core zone and near
core zone with Th/U values between 0.11 and 0.82, show age ranging
from 850 to 1182 Ma (Fig. 10b). Whereas, Neoproterozoic ages include
fifteen spots with Th/U ranging between 0.12 and 0.77 and two analyses
with Th/U < 0.1, measured in near core zone of zircons, that gives ages
between 551 and 704 Ma (Fig. 10b). The youngest ages group contains a
population of eight spots analyzed in or near the zircons rim (with Th/U
values between 0.04 and 0.48) that yields Cambrian ages ranging from
525 to 544 Ma with a Tukey’s Biweight Mean of 533.7 + 5.7 Ma
(Fig. 10b and c).
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4.4.2. Stromatic metatexite (sample SCP13)

Zircon has irregular to sub-rounded morphologies, and occasionally
displays bipyramidal edges. In addition, CL images (Fig. 11a) show an
irregular to concentrically zoned core, surrounded by a thin low-
luminescence rim. In effect, the rim zone, often considered to record
the last stage of metamorphic recrystallization, is commonly less thick
than the laser ablation spot (>30 pm). Therefore, analysis for this
specimen focused mainly on retrieving inherited ages. The Th/U values
in the zircons core zone generally vary between 0.15 and 0.7, which is
commonly associated with igneous zircons (Hoskin and Schaltegger,
2003). Projection on Concordia plot yields concordant ages with a pol-
ymodal distribution in a range between 1837 and 597 Ma (Fig. 11b and
c). The two most important age peaks display a bimodal distribution and
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Fig. 8. Mineral chemistry of schollen-schlieren diatexites. a) Compositional garnet profile. b) Classification of micas taken after Deer et al. (1993). ¢) Aluminium (IV)
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core garnet compositions.

widely overlap with Mesoproterozoic and Neoproterozoic age clusters of
sample CCP40. The young age cluster of seventeen spot data has ages
ranging between 597 and 734 Ma (Neoproterozoic; Fig. 11c), whereas
the old age cluster includes sixteen analyses spreading between 900 and
1116 Ma (Mesoproterozoic; Fig. 11c). Subordinately in the amount of
data, a third peak of four spots data yields Paleoproterozoic ages be-
tween 1751 and 1837 Ma (Fig. 11c), which is coincident with older
concordant age of sample CCP40. The entire data of zircon ages yields
two isolated concordant ages of 1658 and 831 Ma, which are concordant
but unrelated to other data.

4.4.3. Schollen-schlieren diatexite (sample SCP527)
Zircon has prismatic shape and usually develops bipyramidal faces.
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CL images (Fig. 12a) display both homogeneous and zoned crystals,
which may have a thin rim of low luminescence. The Th/U values
measures in the rim to near core zone range between 0.05 and 0.51,
although one single spot have Th/U of 0.84. These Th/U ratios could
suggest either igneous crystallization, metamorphic growth or a com-
bination of both (Yakymchuk et al., 2018). The U/Pb concordia pro-
jection shows three main ages groups (Fig. 12b). One age cluster
includes seventeen analyses with ages ranging from 566 to 556 Ma
(Fig. 12b) that partially matches with the youngest Neoproterozoic ages
of sample CCP40. A second cluster, which includes twenty-six analyses,
yields ages ranging between 544 and 532 Ma with a weighted average
206p, /238 age of 538.7 + 5.3 Ma (Fig. 12b and c). This age cluster is
broadly concordant with the Cambrian ages registered in the sample
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Fig. 9. Mineral chemistry of nebulite diatexites. a) Compositional garnet profile. b) Classification of micas taken after Deer et al. (1993). ¢) Aluminium (IV) vs.
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direction of ion-exchange vector. g) Anorthite-Albite-Orthoclase ternary diagram. h) P-T diagram showing the equilibrium conditions calculated from core garnet

compositions.

CCPA40. A third age cluster is less representative and only consists of four
analyses with ages ranging between 511 and 508 Ma (Fig. 12b).

5. Discussion
5.1. Thermobarometry and P-T path reconstruction

P-T estimates of representative migmatites usually represent only
some segment of the P-T path followed by a bulk crustal section (Bucher
and Grapes, 2011). Yet, combining segments of P-T paths retrieved in
individual specimens of a metamorphic sequence, allows recognizing
common petrological processes and discussing whether the meta-
morphic history corresponds to a single-cycle or multi-step
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tectono-thermal evolution. In the study area, thermobarometry enables
recognizing five transient stages of mineral equilibrium. Collectively,
these five steps define the P-T path of the entire metamorphic sequence
(Fig. 13).

Garnet cores of the patch and net metatexites (sample SCP301)
preserve the oldest metamorphic stage (Fig. 13), as the refractory garnet
core composition records prograde metamorphism under sub-solid
conditions. The presence of low-Ti biotite laths inside garnet cores,
associated with the paleosome mineral assemblage, reflects that the
earliest preserved metamorphic stage reached a narrow temperature
range (620-650 °C; Table 1). In contrast, the lack of both plagioclase and
alumina polymorph as inclusion in garnet cores introduces a large un-
certainty in barometric calculations. Instead, the presence of relict
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Fig. 12. a) Cathodoluminescence images of zircon analysis in a schollen-schlieren diatexite (sample SCP527). b) Conventional U-Pb concordia diagram showing the
distribution of inherited, metamorphic, and resetting ages. ¢) Weighted average 2°°Pb/238U age for metamorphic ages.

kyanite shows a metamorphic path evolving through the kyanite sta-
bility field before anatexis. It should be noted that metastable preser-
vation of kyanite is well known in migmatites from nearby granulite-
facies metamorphic sections (Guereschi and Martino, 2014). In the
study area, the kyanite stability field spans a large pressure range be-
tween 0.69 and 0.83 GPa at the temperature retrieved from biotite
included in garnet cores (Table 1).

A second transient equilibrium stage is recorded in stromatic meta-
texites that conserve the compositional banding inherited from relict Sy
primary  bedding  (quartz-metagreywacke and  aluminous-
metagraywacke layers; Fig. 13). Whole-rock chemistry data and petro-
genetic models showed that each migmatic layer retains a bulk
composition closely unmodified regarding its original metasedimentary
precursors (Barzola et al., 2019a; Otamendi et al., 2019). An average
temperature and pressure estimated for both an
aluminous-metagreywacke metamorphic rock (i.e., sample SCP104b)
and quartz-metagreywacke rocks (i.e., samples SCP104c and SCP106c)
bracket the onset of partial melting at 770 + 60 °C and 0.72 + 0.05 GPa
(Fig. 13; Table 1). This result concurs with experimental petrology that
studied dehydration melting of pelites and greywackes under the P-T
condition of interest (Clemens and Vielzeuf, 1987; Patino Douce and
Beard, 1995; Montel and Vielzeuf, 1997).

The third equilibrium condition recorded in the studied migmatites
is widespread preserved, and corresponds to both temperature and
pressure reached at the metamorphic peak (Fig. 13). Stromatic meta-
texites with pre-migmatitic structures entirely obliterated by anatexis
(samples OCP10, SCP13, SCP114, and SCP106b) unraveled meta-
morphic peak at 800 + 50 °C and 0.78 + 0.05 GPa (Table 1). Similar P-T
conditions are retrieved in garnet rim compositions of the patch and net
metatexite (sample SCP301) and schollen-schlieren diatexites (samples
SCP18 and OCP14). In particular, schollen-schlieren diatexites record
average P-T conditions of about 830 + 55 °C and 0.75 + 0.08 GPa
(Table 1). Consequently, the most reliable estimates reflect that

temperatures rose to 815 + 60 °C at middle crustal pressures of ~0.77 +
0.06 GPa during the metamorphic peak. Several previous studies in the
Sierras de Coérdoba reached similar results; for this reason, there is a
consensus that the metamorphic peak attained granulite-facies temper-
atures of 700-850 °C at pressures of about 0.65-0.85 GPa (Gordillo,
1984; Martino et al., 1994; Baldo et al., 1996; Rapela et al., 1998;
Otamendi et al., 1999, 2004, 2004; Guereschi and Martino, 2008, 2014,
2014; Barzola et al., 2019a).

A fourth P-T stage is preserved in nebulite diatexites (samples CCP12
and CCP15) which record average temperatures of 805 + 60 °C (Fig. 13,
Table 1). However, an estimated average pressure of ~0.64 + 0.09 GPa
for nebulite diatexites is ~0.1 GPa lower than the barometric peak
inferred for stage 3, suggesting relatively rapid decompression in an
essentially isothermal system. Estimated pressures for the stage 4 are
almost identical to the late decompression stage in granulite-facies
metamorphic rocks of the Calamuchita Metamorphic Complex, reflect-
ing that before starting to cool down the metamorphic rocks underwent
a decompression of at least 0.15 GPa (Otamendi et al., 2004). In the
same line, our argument agrees with average equilibrium pressures
(0.65 + 0.05 GPa) postulated by Gordillo (1984) for Cerro Pelado
massif.

A last recorded P-T condition is retained in garnet rim compositions
of some stromatic metatexites (samples SCP13 and OCP10). The last
stage occurred at temperatures and pressures between 500 and 600 °C
and 0.3-0.5 GPa, respectively (Table 1). Most likely, however, the
cooling event was related to retrograde metamorphism of migmatic
sequence (Fig. 13). These results are similar to P-T estimates for the roof
block of the Guacha Corral Shear Zone, located immediately west of the
study area (Martino, 2003; Whitmeyer and Simpson, 2003; Otamendi
et al., 2004; Semenov and Weinberg, 2017), and with the cooling rate of
9 °C/Ma calculated by Steenken et al. (2010) for the boundaries of Si-
erras de Cordoba.
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therein). During the past two decades, detrital zircon data have been
used to correlate metasedimentary sequence from central and north-
western Argentina (Rapela et al., 1998, 2007, 2016, 2007; Schwartz and
Gromet, 2004; Escayola et al., 2007; Adams et al., 2008, 2010, 2010;
Casquet et al., 2018; Peron Orrillo et al., 2019). In particular, an
emphasis was on testing the temporal relationships among the very

5.2. Significance of the U-Pb geochronology

5.2.1. Detrital zircon (DZ) and maximum depositional age (MDA)
Detrital zircon geochronology is a powerful tool to constrain the

depositional age of sediments, reconstruct provenance pathways, and

correlate different lithological sequences (Gehrels, 2014 and references
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low-grade sediments of Puncoviscana Formation in northwestern
Argentina and the high-grade metasedimentary sequences that extend at
least to the Sierras de Cérdoba.

This work presents three new U/Pb zircon ages (specimens SCP13,
SCP527, and CCP40) for the granulite-facies metasedimentary rocks
from the western Pampean orogenic belt. A common feature of these
samples is the prevailing presence of inherited zircon ages. Zircon age
patterns yield a contribution of Neoproterozoic (551-734 Ma) and
Mesoproterozoic (850-1182 Ma) zircons and minor proportions of
Paleoproterozoic zircon grains (1751-1839 Ma), which are similar to
those recorded in other sectors of the Sierras Pampeanas (Rapela et al.,
1998, 2007; Sims et al., 1998; Pankhurst et al., 2000; Schwartz and
Gromet, 2004; Escayola et al., 2007; Collo et al., 2009; Drobe et al.,
2011; Verdecchia et al., 2011; Cristofolini et al., 2012; Per6n Orillo
et al., 2019; among others).

Detrital zircon ages are relevant for constraining the maximum
depositional age (MDA) of sedimentary precursors of the migmatic
sequence. The youngest single grain (Dickinson and Gehrels, 2009)
analyzed for stromatic metatexite (sample SCP13) gives a MDA of 597 +
5.3 Ma. Detrital ages of 588 + 32 Ma in the Tuclame schists (Schwartz
and Gromet, 2004) and 585 + 16 Ma in the Quilpo Formation (Sims
et al., 1998), in the northern region of the Sierra de Cérdoba, are
consistent with the youngest single grain measure in the stromatic
metatexite SCP13. Nevertheless, the youngest grain cluster at 26 pro-
vides a most reliable MDA (Dickinson and Gehrels, 2009; Coutts et al.,
2019). Thus, diatexites SCP527 and CCP40 yield a MDA of 557.8 + 3 Ma
and 552.3 + 3.8, respectively, suggesting that the sedimentation process
was active, at least, until 560-550 Ma. This interpretation agrees with
the maximum depositional age of 561 + 10 Ma reported in migmatitic
gneisses from the Pichanas Complex (Sims et al., 1998). A similar
conclusion reached Iannizzotto et al. (2013) in gneisses from Sierra
Norte de Cérdoba, where the youngest inherited peak is around ~ 560
Ma. Based on the literature and new data, we propose that the maximum
depositional age of the sedimentary precursors in the study area
occurred during the Ediacaran (ca. 560-550 Ma). This result concurs
with a recent interpretation (Baldo et al., 2014) that integrated detrital
ages from the literature (Escayola et al., 2007; Drobe et al., 2011) to
show that the depositional ages of migmatite sedimentary progenitors
from the Sierras de Cérdoba spanned over the range between 570 and
541 Ma.

5.2.2. Zircon growth during granulite-facies metamorphism and anatexis

The new U/Pb zircon ages measured in schollen-schlieren (sample
SCP527) and nebulite (sample CCP40) diatexites are consistent with
high-grade metamorphism and anatexis linked to the Pampean Orogeny
(Ramos, 1988; Rapela et al., 1998). The oldest age of the Pampean
metamorphism is at about 543 + 4 Ma as it is conserved in the gneiss Las
Palmas (Siegesmund et al., 2010), which shortly post-dates our proposed
maximum depositional age for the metasedimentary rocks (ca. 560-550
Ma). Over the studied area, the metamorphic peak and anatexis begun at
~540 Ma and it is recorded by the metamorphic ages of 538.7 & 5.3 Ma
(specimen SCP527) and 533.7 + 5.7 Ma (specimen CCP40). The meta-
morphic climax may have endured, at least, until 520 Ma since
numerous U/Pb ages in zircons and monazites taken from anatectic
granitoids range between 535 and 520 Ma (Rapela et al., 1998; Sims
et al., 1998; Gromet and Simpson, 1999; Tibaldi et al., 2008, 2019;
Ramos et al., 2015; Murra et al., 2016; D’Eramo et al., 2020). The
relatively younger ages registered in zircon rims of the
schollen-schlieren diatexite of around 511 Ma and 508 Ma perhaps
represent metamorphic overprint due to isotopic re-equilibration during
cooling and re-hydration (Siegesmund et al., 2010).

5.3. Metamorphic evolution and migmatization

A metamorphic event constitutes a tectono-thermal episode encom-
passing prograde, peak, and retrograde segments (see Spear, 1993;
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Vernon et al., 2008 for comprehensive treatment of metamorphic evo-
lution). The entire metamorphic evolution is possibly linked to several
generations of folds and/or foliations, and involves a complex mineral
reaction history defined by progressive changes in the stable mineral
assemblages along the P-T path.

Within the study area, the prograde metamorphic path is poorly
preserved, and only locally relicts of pre-migmatitic structures and
mineral assemblages provide evidence for reconstructing the history
before anatexis. In this sense, vestiges of the sedimentary process are
preserved as a relict So primary bedding. Petrographic and textural
analysis, added to previous whole-rock chemistry studies, suggest that
these precursors derived mainly from aluminous-to quartz-greywackes
(Otamendi and Patino Douce, 2001; Barzola et al., 2019a; Otamendi
et al.,, 2019). In this regard, the new detrital zircons ages support an
ending of sedimentary deposition at the Ediacaran (ca. 560-550 Ma;
Fig. 13).

Petrographic analyses and structural evidence added to the new
thermobarometry data suggests that the sedimentary sequence under-
went an early metamorphic stage, probably linked with the evolution of
an accretionary prism adjacent at the Pampean magmatic arc (Northrup
et al., 1998; Simpson et al., 2003; Schwartz et al., 2008; Von Gosen and
Prozzi, 2010; Von Gosen et al., 2014), and recorded thickening of
Pampean orogenic crust (Otamendi et al., 2004). The early meta-
morphism is characterized by the development of S; sub-solid foliation,
preserved in paleosomes and refractory layers of migmatites, and P-T
conditions restricted to temperatures of 620-650 °C within the kyanite
stability field (0.69-0.78 GPa; Fig. 13). A metamorphic age of 543 + 4
Ma in the garnet-rich gneiss of Las Palmas (Siegesmund et al., 2010) may
be associated with this stage of the prograde P-T path.

The first record of anatexis in the metasedimentary sequence is given
by the generation of metatexites that developed an Sy, stromatic folia-
tion but still preserve pre-migmatitic structures such as compositional
banding inherited from relict primary bedding. The equilibrium condi-
tions observed in quartz- and aluminous-metagreywackes layers restrict
the onset of partial melting at average temperatures and pressures of
770 + 60 °C and 0.72 + 0.05 GPa (Fig. 13). Petrographic and textural
features point at the occurrence of K-feldspars in the mineral assemblage
marks the beginning and progress of the partial melting process (Gor-
dillo, 1984; Otamendi et al., 1999; Guereschi and Martino, 2008, 2014,
2014; Barzola et al., 2019a). For this reason,
aluminous-metagreywackes layers display a large volume fraction of
leucosomes, wherein K-feldspars occurs in higher proportions than in
quartz-metagreywackes layers. A positive correlation between the
K-feldspar modal fraction and in-situ leucosomes was taken to reflect
that anatexis was diachronic and its stability was mainly controlled by
protolith composition (Tibaldi et al., 2019).

The progress of partial melting was a continuous process by which
pre-migmatitic structures were progressively replaced by a set of syn-
migmatitic structures during a non-coaxial compressive deformation.
Sa, stromatic foliation was affected by a heterogeneous fold system (F5),
and the progressive tightening led to the generation of Sy, axial plane
foliation. Leucosomes and anatectic granitoids emplaced along Sy, and
Sop structures do not display textural, mineralogical, and chemistry
differences suggesting that they constituted a network of interconnected
melts that formed migration channels (Barzola et al., 2019b; Otamendi
et al., 2019; Tibaldi et al., 2019). The channelized melt-flow became
self-reorganized through extraction/accumulation processes, as defor-
mation was partitioned into lower and higher strain zones (Brown,
1994, 2007, 2007; Sawyer, 1994, 2001, 2001; Brown and Solar, 1998;
Lee et al., 2018). Along lower-strain domains, Sy, + F2 folded stromatic
foliations dominate, whereas in high-strain zones Sy, axial plane folia-
tion or, locally, Sy, high-temperature (amphibolite/granulite-facies)
shear foliation are predominant. Furthermore, melt self-reorganization
strongly controlled the distribution pattern of diatexite rocks. Melt
drained from forelimbs to hinges in Fy folds promoted melt accumula-
tion and dismembered of stromatic structure generating
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schollen-schlieren diatexites. Instead, Sop structures worked as main
melts flow-channels and probably favored to emplacement of nebulite
diatexite at relatively shallow cortical levels. However, it cannot be
completely ruled out that non-coaxial deformation has been accommo-
dated at the end-stage by local extensional shear zones, which helped
with melt extraction and juxtaposed metatexite rocks with nebulite
diatexite (Otamendi et al., 2004). Extensional shear zones have been
recognized inside of Calamuchita Metamorphic Complex and described
as coeval with the thrusting and shortening (Otamendi et al., 2004).
Over the Calamuchita Metamorphic Complex, extensional shearing was
likely also coeval with local development of Sy, high-temperature shear
foliation. In such a case, these shear zones could have favored orogenic
exhumation during and/or immediately after the metamorphic peak.
Based on the mineralogical, textural, and thermobarometric evidence
presented in this work, the exhumation process was relatively rapid and
essentially isothermal, which is consistent with the metamorphic tra-
jectory reconstructed by Otamendi et al. (2004).

Structural observations are supported by the new P-T estimates and
geochronology data presented here. Metatexites and schollen-schlieren
diatexites preserve peak conditions of migmatization (815 + 60 °C
and 0.77 + 0.06 GPa; Fig. 13). In contrast, nebulite diatexites were
stabilized at similar temperature but slightly lower pressure (805 +
60 °C and 0.64 + 0.09 GPa; Fig. 13) than metatexites and schollen-
schlieren diatexites. Nonetheless, metamorphic ages preserved in dia-
texitic rocks do not show a substantial time-lag between them. Similar
U/Pb zircon age between schollen-schlieren diatexite (538.7 + 5.3 Ma)
and nebulite diatexite (533.7 + 5.7 Ma) reflects a nearly continuous
deformation and partial-melting history. Thus, the petrological, struc-
tural, thermobarometric, and geochronological data enable reassessing
the development of the different migmatitic rock types. The diversity of
migmatites was driven by variable degree of melt accumulation/
extraction anatectic process, and it happened during a progressive
anatectic event assisted by predominantly compressive non-coaxial
deformation (see also Tibaldi et al., 2019).

The final stage of metamorphic evolution is associated to the final
exhumation of the metasedimentary sequence from middle (~0.7-0.8
GPa) to middle-shallow (~0.5-0.3 GPa) crustal levels. Uplift is docu-
mented by textural and structural reworking. Although the first textural
evidence of retrogression is biotite rimming garnets, the clearest feature
of tectonic reworking is the development of tight shear bands with Sg3
mylonitic foliation and the replacement of the migmatic mineral
assemblage by the muscovite + chlorite association. P-T estimates
restrict the retrograde stage to temperatures of 500-600 °C and pres-
sures between 0.3 and 0.5 GPa (Fig. 13) as already observed in the
hanging wall of the Guacha Corral Shear Zone (Martino, 2003; Whit-
meyer and Simpson, 2003; Otamendi et al., 2004; Semenov and Wein-
berg, 2017; Semenov et al., 2019).

6. Conclusion

Based on the petrographic analyses, structural observation, ther-
mobarometric estimates, and U/Pb zircon geochronology we propose
that widespread anatexis was a diachronic and progressive event asso-
ciated with the Pampean Orogeny. P-T-t path shows a clockwise evo-
lution. The prograde path evolved from amphibolite-facies (620-650 °C)
through kyanite stability field (0.69-0.78 GPa) to the granulite-facies in
the sillimanite stability field. The metamorphic peak reached tempera-
tures higher than 800 °C at middle crustal levels (0.77 + 0.06 GPa).
Nebulite diatexites record slightly lower pressures (0.64 + 0.09 GPa) but
similar peak temperatures (805 + 60 °C), suggesting melt extraction and
isothermal uplifted of the metamorphic section. U/Pb zircon geochro-
nology shows that granulite-facies metamorphism, and anatexis lasted
at least 15 Ma (~540-525 Ma). The retrograde path evolved from low-
amphibolite- to greenschist-facies (500-600 °C and 0.3-0.5 GPa) and
is locally recorded in narrow shear bands. The P-T-t path developed
coeval with a predominantly compressive non-coaxial deformation. The
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different migmatitic rock types are syn-deformational lithological
products linked to melting self-reorganization (extraction/accumulation
processes) within the migmatitic massif itself, and only in subordinate
way to variation in the protolith compositions or the peak metamorphic
condition.
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