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Abstract:

In San Martín de los Andes area (Argentinian Patagonia) the Palaeozoic basement consists of metamorphic and plutonic rocks. e
metamorphic rocks include strongly deformed schists, gneisses and migmatites. eir geochemical and petrographic characteristics
suggest that the protholith could have been a sequence of pelites and greywackes. Detrital zircon analysis (U-Pb Q-ICP-LA-
MS) yielded a maximum depositional age of 501±14 Ma (Series 3 Cambrian) for this sedimentary protolith. Metasedimentary
rocks are affected by a regional foliation defined by the minerals of the metamorphic peak. is is a S2 foliation, since relics of
a former foliation are present in some samples. is regional foliation is locally affected by open folds that develop an incipient
crenulation cleavage (S3). e high-grade metamorphism includes partial melting processes, where the incipient segregates intrude
parallel to the regional foliation and also cut it in presence of abundant melt. Zircons from anatectic granites formed during this
partial melting process yielded a U-Pb Concordia age of 434.1±4.5 Ma (Llandovery-Wenlock, Silurian). e age of maximum
sedimentation and the anatectic age constrain the metamorphic evolution of the basement into the lower Palaeozoic (between
upper Cambrian and lower Silurian). e igneous rocks of the basement are granodiorites, tonalities, and some gabbros that cut
the metamorphic basement and contain xenoliths and roof pendants from the country rocks. ese plutonic rocks are affected
by low-grade metamorphism, with the development of discrete, centimetric to hectometric, brittle-ductile shear zones. e age
of these igneous rocks has been constrained through U-Pb zircons analysis, carried out by several authors between ca. 370 and
400 Ma (Devonian). e maximum sedimentation age for the protolith and its metamorphic evolution seems to be related to
an early Palaeozoic orogenic event, probably the Patagonian Famatinian orogeny. In contrast, the Devonian igneous rocks of San
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Martín de los Andes could represent a Devonian magmatic arc, related to subduction processes developed at the beginning of the
Gondwanan orogenic cycle, which culminates with the Gondwanan orogeny.
Keywords:  Palaeozoic basement, Northpatagonian Andes, Poly-orogenic, Famatinian orogeny, Gondwanan orogeny.

1. Introduction

e igneous and metamorphic basement of the North Patagonian Andes presents itself as scattered outcrops
between the surroundings of the localities of Aluminé, San Martín de los Andes, Bariloche, El Bolsón, El
Maitén and Esquel (Cingolani et al., 2011; Varela et al., 2005 and references therein). ese rocks have
been interpreted as part of a Palaeozoic basement, but both the relationships between them and their
correspondence with an orogenic cycle are still unclear

In Bariloche region, García-Sansegundo et al. (2009) describe a metamorphic basement deformed by the
Gondwanan orogeny during late Carboniferous-early Permian time. Later, Martínez et al. (2012) proposed
a Middle Devonian-early Carboniferous age for this metamorphism, which they correlate with the Chanic
orogenic event. In the Aluminé area the metamorphism was associated to a Carboniferous orogenic event
(Urraza et al., 2011). In contrast, metamorphic rocks from San Martín de los Andes have been related to at
least two orogenic events, one in the early Palaeozoic (pre-Devonian) and another one in the late Palaeozoic,
probably related to the Gondwanan orogenic cycle (Serra-Varela et al., 2016). Recently, Heredia et al.
(2016, 2018) considered a pre-Wenlock age for the early Palaeozoic orogenic event, suggesting the name of
Patagonian Famatinian orogeny. ese authors also proposed a two-stage development for the Gondwanan
orogeny. e older stage was related to subduction and was Middle Devonian-Early Carboniferous in age.
is stage corresponds to the Chanic orogenic event of Martínez et al. (2012), event that Heredia et al.
(2016) consider restricted to the Cuyo Sector, located farther to the N. Later, a collisional stage of late
Carboniferous-early Permian age closes the Gondwanan orogenic cycle.

e aim of this study is to provide new petrological, structural, geochemical and geochronological data
for the characterization and correlation of the pre-Mesozoic basement outcrops of the North Patagonian
Andes, with special emphasis in the study of an early Palaeozoic tectono-metamorphic event that affects this
basement in the surroundings of San Martín de los Andes. is new data help placing the North Patagonian
basement in the context of the Palaeozoic orogenic cycles recently proposed by Heredia et al. (2016).

2. Geological setting

e study area is located in Neuquén Province (Argentina), between the Lácar and Curruhué lakes, in the
surroundings of the San Martín de los Andes locality (Fig. 1). e studied rocks belong to the Patagonian
Sector of the Argentinean-Chilean Andes basement (Heredia et al., 2016, 2018), mainly constituted by
metamorphic and igneous rocks (Fig. 1b).

Initially, the basement rocks from the North Patagonian Andes were included in the Colohuincul
Complex (Dalla Salda et al., 1991; Turner, 1965). ese authors described a complex formed by high-
grade metamorphic rocks and two igneous units, called San Martín de los Andes Tonalite and Lago Lácar
Granodiorite. e high-grade metamorphic rocks comprise mainly migmatites and gneisses with minor
schists (Fig. 2).

e age of these high-grade metamorphic rocks has been matter of discussion in recent years. A
Neoproterozoic age was proposed by Dalla Salda et al. (1991), based on Rb-Sr ages of ca. 860 Ma. However,
more recent studies constrained the maximum deposition age of the protolith in this area in ca. 420 Ma
(Hervé et al., 2016). Additionally, Serra-Varela et al. (2016) proposed for the same protolith a maximum
sedimentation age of ca. 506 Ma based on U-Pb Q-ICP-MS-LA detrital zircons analysis. is discrepancy
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between this age data will be discussed later in this contribution. Crystallization ages for the San Martín de
los Andes Tonalite and the Lago Lácar Granodiorite have been constrained by U-Pb zircon analysis at ca.
400 Ma (Hervé et al., 2016, 2013; Pankhurst et al., 2006; Varela et al., 2005).

e high-grade metamorphic rocks crop out as roof pendants or xenoliths within the Devonian plutonic
units and the contact between them is locally sharp, indicating a pre-Devonian age for these metamorphic
rocks (Serra-Varela et al., 2015, 2016) (Fig. 2A and B). Both high-grade metamorphic and igneous rocks
are covered by Paleogene volcanic and volcaniclastic rocks from the Huitrera Formation (Escosteguy and
Franchi, 2010; Ravazolli and Sesana, 1977).

e geological evolution of the basement rocks in San Martín de los Andes was initially considered
as the result of a single tectonic cycle that included both the igneous and metamorphic rocks (Dalla
Salda et al., 1991). Recently, Serra-Varela et al. (2016) proposed a separate tectonic evolution for the
high-grade metamorphic rocks and Devonian granitoids, based on their different deformational styles and
field relationships. According to these authors the San Martín de los Andes Tonalite and Lago Lácar
Granodiorite, which cut the high-grade metamorphic rocks, are considered post-tectonic intrusions of a pre-
Devonian tectono-metamorphic event, although they are also deformed by a later orogenic event. us, the
Devonian igneous rocks are deformed by a single orogenic cycle (in late Palaeozoic times) while the high-
grade metamorphic rocks are affected by at least two different orogenic cycles (in early and late Palaeozoic
times).

3. Petrographic characteristics of the main basement rocks

e most common metamorphic rocks are gneisses and schists in close association with metatexites and
diatexites (in the sense of Sawyer, 2008). ese types of rocks show transitional contacts between them. e
Devonian igneous rocks comprise large volumes of granodiorites and tonalites. Minor gabbroic rocks are
found in the area and have a transitional contact with granodiorites, suggesting that they are genetically and
temporarily related.

3.1. Metasedimentary rocks

e metasedimentary rocks are predominantly gneisses with minor schists (Fig. 3A). We distinguish one
main metamorphic assemblage in schists (Fig. 3B): Qtz+Pl+Bt+Crd+Sil (fibrolite) ±Ms±Kfs±Gr (Mineral
abreviations according to Siivola and Schmid, 2007) and one main metamorphic assemblage in gneisses: Qtz
+Pl+Bt+Ms+Crd±Sil (fibrolite)±Kfs.

Commonly the metasedimentary sequences include alternate layers of schists and gneisses, most likely
reflecting the original sedimentary bedding. Chlorite, epidote, sericite and prehnite are the common low-
temperature association replacing the main assemblages.

3.2. Metatexite migmatites

Among the metatexites, only stromatites are recognized (Fig. 3C). e stromatic layering is generally parallel
to the main foliation of the metasedimentary rocks. Leucosomes are between 0.3 and 2 cm thick. ese rocks
are composed of three parts: 1) a dark grey part with similar characteristics to the metasedimentary rocks.
is would represent the mesosome; 2) A white part containing quartz, plagioclase and K-feldspar. is part
represents the leucosome of the metatexite and has a well-developed medium grained granular texture; 3) A
black part, which is formed mainly by biotite. ese biotite crystals are larger and more abundant than those
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observed in the mesosome. Also, this sector is enriched in accessory minerals such as apatite and zircon. It is
located next to the leucosomes and represents melanosomes.

e common mineral assemblage of the mesosomes is defined by Qtz+Pl+Bt+Ms+Crd±Sil (fibrolite)
±Kfs. A single sample was found where the mineral assemblage for mesosome was Qtz+Pl+Bt+Grt. In this
case garnets constitute poikiloblasts with numerous inclusions of quartz. Melanosomes in this sample are
formed by biotite and cordierite where biotites reach 1.5 cm of length. Near the contact with leucosomes,
garnets are fragmented and most of them show a plagioclase rim.

3.3. Diatexite migmatites

Two types of diatexites can be recognized in the surroundings of San Martín de los Andes: schollen and
schlieren diatexites (Fig. 3D and E). e first type has well defined leucosomes with a dominant igneous
texture and coarse grains. Leucosomes contain quartz, microcline and plagioclase in high proportion and
biotite, muscovite in low proportion (Fig. 3F). ese leucosomes have the highest percentage of K-feldspar.
Mesosomes are found as ras of metasedimentary rocks with incipient migmatization. Mafic selvedges are
frequently developed between mesosomes and leucosomes. Frequently in the contact between mesosome
and leucosome, mafic selvedges are developed. ey are only a few micrometer thin and are composed of
biotites and quartz with large amount of accessory minerals such as zircons and Fe-Ti oxides. Crystals of
biotite tend to follow the main orientation of the mesosome although discrete folds can be recognized
in some sectors. ey are interpreted as the result of deformation during leucosome growth (Sawyer,
2008). Schlieren diatexites contain Bt+Pl+Qtz+Crd±Ms. Schlierens are composed by biotite and ilmenite
(Fig. 3G). ey present flow banding where the biotite schlierens are aligned. ese rocks present a well-
developed granoblastic texture. Both in schlieren and schollen leucosomes is common to find myrmekites
as an intergrowth of quartz and K-feldspar. It is also common to find poikilitic crystals of feldspar and
plagioclases containing rounded inclusions of quartz and biotites. ese microstructures have been identified
as representing different stages on melt crystallization (Sawyer, 2008). Finally, symplectites between micas
(muscovite and biotite) and quartz are recognized (Fig. 3H).

3.4. Anatectic granites

In the southern shore of Lago Lácar, within the westernmost outcrop of high-grade metamorphic rocks,
we identified a small and deformed plutonic body, which we consider an anatectic granite. is rock is
coarse-grained, with quartz, plagioclase, K-feldspar and biotite as primary minerals and apatites and zircons
as accessory minerals. K-feldspars and plagioclases are pseudomorphically replaced by sericite. Biotites
are replaced by chlorite, epidote and prehnite. Intracrystalline deformation is common in quartz with
microstructures such as undulatory extinction, chessboard subgrains and static recrystallization (Fig. 4A).

is granite presents a transitional contact with schists. Next to the plutonic body, a sector rich in biotite
is found. ese biotites are larger than the ones in the granite and are associated to epidote. e sequence
continues with schistose rocks containing a mineral paragenesis of Bt+Pl+Qtz+Hbl+Ep. As accessory
phases, zircons and monazite are found. Allanite with epidote rims is found as inclusions in biotite (Fig. 4B).

3.5. Devonian plutonic rocks

Granodiorites are the most abundant Devonian igneous rocks. ey are light grey with medium-coarse
grained equigranular texture, including plagioclase, quartz, K-feldspar, biotite and hornblende as main
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minerals. Perthitic feldspar is common and myrmekites are present in some places where quartz is intergrown
with feldspar. Apatite, zircon and titanite have been recognized as accessory minerals.

Tonalites are dark grey with medium grained equigranular texture. Zoned plagioclase, quartz, hornblende,
K-feldspar and biotite (this last two in minor proportion) are the main minerals. Within accessory minerals,
apatite and zircon are the most common. e contact between granodiorites and tonalites is transitional
and these lithological variations could represent compositional and textural variations of the same magmatic
event.

Gabbros are scarce and show a transitional contact with the main plutonic rocks. ey are dark green with
medium grained equigranular texture. e primary minerals include plagioclase, hornblende and pyroxene.

In all these rocks, magmatic mineral assemblages are commonly replaced by a secondary paragenesis (Fig.
4C). Plagioclase is pseudomorphically replaced by sericite and clay minerals. Prehnite and chlorite are found
replacing biotite, and epidote is usually found parcially replacing both biotite and hornblende. In gabbros,
hornblende is partially replaced by actinolite and chlorite, and plagioclase is replaced by sericite. Some crystals
oen display intracrystalline deformation. Quartz crystals present undulatory extintion and chessboard
subgrains and biotites present kinking.

4. Structure

At least three different tectonic foliations can be recognized in the high-grade metamorphic rocks. e
pervasive regional foliation observed in the high-grade metamorphic rocks is defined by the orientation of
minerals related to the metamorphic peak (Fig. 3B). It appears in thin section as a spaced schistosity in
gneisses and as continuous schistosity in schists (Passchier and Trouw, 2005). Incipient migmatization and
leucosomes from metatexites are concordant with this foliation (Fig. 3C), while in diatexites the abundant
melt extracted cut it. is implies that the migmatization occurred syn- to post- development of the regional
foliation. Major structures related to this foliation cannot be recognized in the region due to the scarcity
of the outcrops. We consider that this regional foliation is most likely an S2, since remnants of an early
foliation (S1) are discernible in some samples (Fig. 4D). e S2 foliation is affected by a later stage of folding
that produced crenulation folds and a local incipient crenulation cleavage (S3), defined by the alignment of
opaque minerals along discontinuous pressure-solution bands (Fig. 4E and F).

e Devonian igneous rocks commonly show magmatic foliation and are affected by discrete centimetric
to hectometric brittle-ductile shear zones (Fig. 4G), mostly found in the granodiorites and tonalites. Two
thick shear bands, named Pinos river and Alerce river shear bands (Fig, 2B), are found in the surroundings of
lake Curruhué. e Pinos river shear band is 200 m thick, while the Alerce river shear band shows a thickness
between 15m and 35m (Fig. 4H and 5A). Both of them display a NNW-SSE trend, dip to WSW and tectonic
transport of the hanging-wall towards the ENE. is brittle-ductile deformation event that affected the
Devonian rocks is clearly post-Famatinian and could be related to the Gondwanan orogenic cycle.

Finally, several folds and faults are found in the studied area, which affect the igneous-metamorphic
basement and also the Mesozoic and Cenozoic volcanic-sedimentary cover. ey are easily differentiated
from the previously described structures, since they were formed under non-metamorphic conditions. ese
structures are mainly reverse faults, thrusts and open folds, related to a N-S to NNW-SSE trending Andean
thrust and fold belt (Folguera et al., 2011; Fig. 5B). In the studied area, the main structures of the Andean
cycle are the Lacar and Curruhué thrusts, which dip towards the ENE and WSW, respectively. e trend
and dip of these Andean thrust approximately coincide with that of the Gondwanan shear bands of its
sourroundings, which could indicate a possible Palaeozoic (Gondwanan) inheritance of these Cenozoic
structures.
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5. Whole rock geochemistry of pre-Devonian basement rocks

Major, trace and Rare Earth Elements (REE) contents have been determined on eight rock samples: 2 samples
correspond to metasedimentary rocks (Samples SMA86 and SMA86a); 2 samples are metatexites (SMA96
and SMA98); 2 samples correspond to schlieren diatexites (SMA 89a and SMA84); 1 sample is a leucosome
from the schollen diatexite (SMA89) and 1 sample is an anatectic granite (SMA74) (location in figure 2A).

15g of whole rock powders were sent to ACME Analytical Laboratories S.A. Samples were prepared by
alkaline fusion with lithium borate, diluted with acid digestion to perform ICP-MS method. Major element
data were recalculated to 100% on anhydrous basis before using them in the geochemical characterization
and classification. Results are shown in table 1.

5.1. Major elements

Metasedimentary rocks display high contents of SiO2 (>70%). e Aluminum Saturation Index (ASI) for
these rocks is greater than 1 and alkalis content (Na2O+K2O) ranges between 3.8 and 4.6 with Na2O
>K2O. According to their contents in SiO2, Al2O3, Fe2O3, K2O and Na2O these rocks are classified as
metagreywackes (Herron, 1988).

Compared to the metasedimentary rocks the metatexites and schlieren diatexites are enriched in Al2O3,
Fe2O3, MgO, CaO, K2O and TiO2. is is especially noticeable in sample SMA98, which has a biotite-
rich melanosome.

e geochemical signature of the leucosome from the schollen diatexite (sample SMA89) differs from
the other samples. It is depleted in Fe2O3, TiO2, MgO, CaO and MnO. Meanwhile, the anatectic granite
exhibits an increase in Al2O3 and K2O, and has high contents of CaO, Fe2O3 and MgO. Following the
normative (Ab-An-Or) classification for felsic plutonic rocks proposed by (Barker, 1979), the anatectic
granite and the leucosome samples plot as granodiorite and trondhjemite, respectively. Both samples plot in
the peraluminous field of Shand (1943).

5.2. REE and trace elements

Two groups of samples can be distinguished according to their differences in chemical composition: one
group includes metasedimentary rocks, metatexites and diatexites samples, and the other one includes the
leucosome and anatectic granite. is last group shows significant differences regarding the first one, being
the Sc depletion and the average total REE contents the most remarkable ones. Leucosome and anatectic
granite have 8 times lower average REE contents than migmatites and metasedimentary rocks. Moreover,
the analyzed leucosome is depleted in Ba and Sr and enriched in Rb, in contrast with the metasedimentary
rocks, while the anatectic granite is depleted in Ba and enriched in Rb and Sr.

Metatexites, schlieren diatexites and meta-sedimentary rocks present a similar multielement distribution
pattern normalized to the Primitive Mantle (Sun and McDonough, 1989) and chondrite normalized REE
pattern, normalized to the C1-chondrite aer Sun and McDonough (1989) (Fig. 6). e REE patterns (Fig.
6A) are enriched in light REE (LREE) with (La/Lu)N ratios between 6.8 and 10.4, and all of them display
a negative Eu anomaly (Eu/Eu*=0.50-0.80). Multielement patterns (Fig. 6B) are depleted in Ba, Nb, Ta, Sr,
P and Ti.

On the other hand, the leucosome and the anatectic granite display lower total REE contents compared
with the other samples. e chondrite normalized REE pattern shows similar values of LREE and heavy
REE. ey have (La/Lu)N ratios between 1.71 y 2.45 and a positive Eu anomaly (Eu/Eu*= 1.50-1.65).
Regarding the multielement pattern, they have marked negative anomalies for , Nb, Ta, La, Ce, Pr and
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Ti. e leucosome shows high Rb/Sr ratio (0.71) and the Sr/Ba ratio is relatively low (0.35). Meanwhile, the
anatectic granite has low Rb/Sr (0.39) and relatively high Sr/Ba (1.1).

6. U-Pb zircon ages of high-grade metamorphic rocks and anatectic granites

Zircon grains were obtained from a metasedimentary rock sample (Serra-Varela et al., 2016) and the
anatectic granite (sample SMA74). Standard jaw-crushing, sieving and heavy mineral concentration by
hydraulic processes and magnetic susceptibility techniques were performed at the laboratories of the
Instituto de Paleobiología y Geología (Universidad Nacional de Río Negro). Zircon grains were hand-
picked under binocular microscope. About two hundred grains were selected for each sample from the
non-magnetic fraction. One hundred and fiy of these grains were mounted in epoxy resin and polished.
Backscattered electron images (BSE) were obtained with a JEOL JSM 5600 scanning electron microscope
of the Universidad de Oviedo, in order to assess the internal morphology, prior to the U-Pb laser work.
Additionally, zircons that were not mounted for dating were imaged by BSE using a Zeiss Evo MA15
scanning electron microscope at Universidad Nacional de Río Negro, in order to examine the external
morphology of the grains.

U-Pb analyses were performed in SGIker Institute (Universidad del País Vasco) using a quadrupole
mass spectrometer with inductively coupled plasma source (Q-ICP-MS) ermo Fisher Scientific, XSeries-
II model coupled to a New Wave UP213 laser ablation system. Laser spot size was 30μm. Data were
acquired during a 30 seconds background measurement followed by 60 seconds ablation of the sample. Laser-
induced elemental fractionation and instrumental mass discrimination were corrected by normalization
to the reference zircon GJ-1 (Jackson et al., 2004) as primary standard, and Plesovice reference zircon as
secondary standard (Sláma et al., 2008). e measure sequence among standard-sample is a standard followed
by 5 unknowns. For data treatment, we use the Iolite 3 soware (Paton et al., 2011) and VizualAge (Petrus
and Kamber, 2012). Age calculation and plots were made using ISOPLOT soware (Ludwig, 2003). For
further details of the analytic procedures see Puelles et al. (2014). All analytical errors are presented as
absolute values at 2σ level (Results in table 2 and 3).

6.1. Detrital zircon age

In this section, data from Serra-Varela et al. (2016) will be re-evaluated. On the basis of shape, habit and
aspect ratios, different zircon groups were identified (Fig. 7): 1) Prismatic, 130-150 µm zircons with aspect
ratios of approximately 2:1; 2) Subrounded, 120-175µm grains with aspect ratios near 2:1; 3) Rounded,
70-130 µm zircons with aspect ratios of 1:1.

From the total analyzed zircons, eight analyses were discarded based on their discordant ages and for having
high common Pb. Sixty-two zircons yielded concordant ages defining three main populations (Fig. 7 and 8):
a P1 population (11% of the samples) with ages that range from 656 to 496 Ma; a P2 population (63% of the
pattern) with ages between 1,264 and 874 Ma; and a P3 population (19.5% of samples) between 1,510 and
1,299 Ma. ere are single analyses of 1,891, 2,056, 2,127 and 2,556 Ma (Fig. 8A). e main population (P2)
corresponds to Mesoproterozoic ages where there can be recognized three morphological types of zircons:
prismatic, subrounded and rounded. e most representative types of zircons are rounded and correspond
to class 4-5 of Gärtner et al. (2013). Meanwhile, prismatic zircons are scarce and can be attributed to classes
P1 and P2 of Pupin (1980).

Maximum deposition age was determined considering the methods in Dickinson and Gehrels, (2009) and
the Unmix routine in ISOPLOT/Ex (Ludwig, 2003). is method also calculates the age and uncertainties
for each component. e group of three youngest zircons was taken into consideration to estimate the
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maximum deposition age, resulting on a mean age of 501±14 Ma (MSWD=0.19), while the youngest Unmix
age is 504 15 Ma. is last age was calculated by ISOPLOT (Ludwig, 2003) from the youngest group of
zircons from P1 population. Considering that both ages are similar and within the error of the youngest single
zircon grain (496±21 Ma), we consider the mean of the three youngest zircons as the maximum deposition
age (Fig. 8B).

6.2. Anatectic granite crystallization age

Zircons from the anatectic granite are euhedral, prismatic and transparent. eir lengths range from 110 to
340 µm. Zircons were classified following the typological classification of Pupin (1980). ey fall into the
S4, S5, S9 and S10 category. In backscattered images, most crystals show oscillatory zoning (Fig. 9). Zircons
have /U ratios ranging from 0.05 to 0.5. Normally, high /U ratios (greater than 0.1) are attributed to
magmatic zircons but they can also be recognized in recrystallized zircons during anatexis or grown during
high temperature metamorphism (Harley and Nandakumar, 2014; Schaltegger et al., 1999; Vavra et al.,
1999). Instead, low /U ratios (less than 0.1) can be associated with metamorphic overgrowth (Rubatto
et al., 2001) or a late-stage mineral-fluid interaction (Carson et al., 2002; Harley and Nandakumar, 2014;
Vavra et al., 1999).

irty analyses were carried out in thirty different zircons. Twenty-nine concordant ages were obtained.
Zircons can be divided into 3 groups based on their ages (Fig. 10A). e main group is composed of nineteen
analyses and we considered that it defines the crystallization age of the granite. is cluster yielded a mean age
of 430.3±5.2 (MSWD=0.54) and defines a Concordia age of=434.1±4.5 Ma (MSWD=4.8). Another group
is composed by six zircons whose mean age is 461±10 Ma. (MSWD=0.27). ese zircons show inherited
cores that were partly included in the analyzed spot giving an aged mixed-age. e remaining four zircons
gave a mean age of 416.4±9.7 Ma (MSWD=0.37) (Fig. 10A and B). is could be a younger age caused by
rejuvenation due to the Lower Devonian granitoids emplacement.

7. Discussion

7.1. Migmatization and deformation ages

As it was mentioned before, leucosomes of the migmatic rocks are parallel and also cut the regional tectonic
foliation of gneisses and schists (interpreted to be an S2). On the other hand, the Devonian granites cut
tectonic foliations and migmatitic rocks. ese field relations constrain the deformation event between
the maximum depositional age of the sedimentary protolith (Cambrian Epoch 3, ca. 501 Ma) and the
crystallization of the oldest Devonian granites (Emsian, ca. 400 Ma) (Fig.11).

e dated anatectic granite has the same field relations and similar geochemical features as the leucosomes
of diatexite migmatites. For this reason, the U-Pb zircon crystallization age obtained for this anatectic granite
can be considered as the age of the main migmatization event. e emplacement of the anatectic granite
took place during Llandovery-Wenlock, at approximately 430-434 Ma. is age is a good constraint for the
metamorphic peak and for the end of the regional (D2) deformation event (Fig. 11).

One previous age obtained by Lucassen et al. (2004) for a migmatite in this area (Rb-Sr whole rock age)
yielded 368±9 Ma. is age is younger than the Devonian granites and should be considered as a resetting
age of the Rb-Sr system. In addition, in other localities of the North Patagonian Andes, metamorphic ages
between ca. 391 and 305 Ma were reported by several authors (Martínez et al., 2012; Pankhurst et al.,
2006; Urraza et al., 2011; Willner et al., 2004). ese tectono-metamorphic events, developed between
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Middle Devonian and late Carboniferous (Pennsylvanian), probably related with the active subduction of
the Gondwanan orogeny (Heredia et al., 2016, 2018), could be the cause of this age resetting.

7.2. Origin and age of the sedimentary protolith

Based on geochemical and petrographic features, the protolith of San Martín de los Andes metamorphic
rocks is defined as a sequence of greywackes with minor pelites that underwent high-grade metamorphic
conditions. Samples of schists with marked schistosity and a metamorphic assemblage with abundant
sillimanite are accountable of an Al-rich protolith that corresponds to pelites (Bucher and Grapes, 2011).
Moreover, gneisses with cordierite and minor sillimanite as well as gneisses with amphibole, are considered
as products of metamorphism of greywackes in amphibolite facies (Bucher and Grapes, 2011; Sawyer, 1987).

In order to characterize the tectonic setting and the protolith, provenence we used immobile trace
elements and REE ratios. /Sc ratios of the metasedimentary rocks, metatexites and schlieren diatexites
range between 0.51 and 0.79 (Fig. 12). ese values point to diferenciated igneous rocks as posible source for
sedimentary rocks (Bahlburg, 1998; McLennan et al., 1993). Contents of Zr,  and Sc, and a small negative
Eu anomaly, indicate that these greywackes and pelites could have derived from a magmatic arc with igneous
rocks similar in composition to an andesite (Bhatia and Crook, 1986).

Based on detrital zircon U-Pb age determinations, the maximum depositional age of the metamorphic
rocks protolith in San Martín de los Andes is constrained at 501±14 Ma. is suggests that sedimentation
occurred sometime between Cambrian Epoch 3 and probably the Late Ordovician; considering that the
regional deformation responsible for the S2 foliation must be pre-upper Llandovery (migmatization age is ca.
434 Ma) and the first phase must be older than this (Fig. 11). On the other hand, Hervé et al. (2016) reported
a maximum depositional age for a sample of a metasedimentary rock in San Martín de los Andes of ca. 420
Ma. is age does not fit in the above interpretation, since it is younger than the age of the migmatization
event presented in this contribution. However, we must recall that the two youngest peaks from Hervé et
al. (2016) sample are 420 Ma and 449 Ma and roughly coincide with our obtained ages for the anatectic
granite. For this reason, we consider that these zircons may not be detrital and might come from some small
migmatitic veins potentially present in the sample analysed by these authors. Another reason could be that
these ages might have been rejuvenated during the emplacement of the Devonian granites.

e detrital zircon pattern studied in this contribution shows that the dominant input for this sediment
was derived from Mesoproterozoic rocks. Two Mesoproterozoic inputs were identified: one corresponds to
early Mesoproterozoic ages (main probability peak ca. 1,416 Ma) and the other to late Mesoproterozoic ages
(main probability peak ca. 1,110 Ma). e late Mesoproterozoic group is the most important population
(63% of the analyzed zircons). In contrast, ages close to maximum depositional age are subordinated on the
pattern (11% of the analyzed zircons).

7.3. Metamorphic evolution and melting conditions

e described protolith underwent high-grade metamorphic conditions resulting in schists and gneisses.
Peak P-T conditions calculated with pseudosections for San Martín de los Andes migmatites are within
upper amphibolite facies, in a low pressure-high temperature (LP-HT) type of metamorphism (between
660-740 °C and pressures below 0.45 GPa, according to Serra-Varela et al., 2017).

is range of temperatures and the paragenesis found in different rocks suggest that the first melting
reaction was the breakdown of muscovite: Ms+Pl+Qtz=Sil+melt (Icenhower and London, 1995).
Moreover, trondhjemitic leucosomes are accountable for H2O-flux melting of a metapelitic source rock
where melting reaction involving muscovite plays an important role (Patiño Douce and Harris, 1998). e
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presence of water-involved reaction is also consistent with the low Rb/Sr ratio (<1.6; Harris and Inger, 1992)
and low contents of Zr (<50 ppm) where H2O-fluxed melting tends to separate biotites with zircons in the
residue and Zr is not incorporated in melt (Otamendi and Patiño Douce, 2001; Patiño Douce and Harris,
1998).

In addition, petrography of schists indicates that dehydration melting of biotite was probably a secondary
melting reaction where Bt+Pl+Sil+Qtz=Crd+Kfs+melt. is reaction is also inferred by the high contents
of CaO and FeO+MgO of the anatectic granite. Melting of a biotite-plagioclase gneiss with influx of water
can generate granodioritic melts with high CaO and FeO+MgO content (Otamendi and Patiño Douce,
2001).

Finally, a late retrograde hydration stage is recognized by the presence of symplectitic textures between
micas (muscovite and biotite) and quartz (Brown, 2002; White et al., 2005). is re-hydration stage is also
suggested by post-kinematic muscovite porphyroblasts, with rims of Ms+Qtz symplectites, which overprint
the previous metamorphic fabric of the mesosome and the metasedimentary rocks near diatexites.

7.4. Geotectonic setting and correlations

About 400 km east of the studied area, in the eastern North Patagonian Massif, metasedimentary rocks from
El Jaguelito and Nahuel Niyeu Formations and Mina Gonzalito Complex (Caminos, 1983; Giacosa, 1987;
Ramos, 1975) have maximum depositional ages between 535 and 510 Ma (Greco et al., 2017; Naipauer et
al., 2010; Pankhurst et al., 2006; Rapalini et al., 2013). Greco et al. (2015) constrained the depositional age
of the Nahuel Niyeu Formation at around 513 Ma. ese ages are remarkably similar to the one obtained
in this contribution for the San Martín de los Andes metamorphic basement. Moreover, arc-related igneous
rocks were dated around 515-490 (Cambrian-Ordovician) and between ca. 472-454 Ma (Ordovician) in
the North Patagonian and Deseado massifs (Greco et al., 2015; Pankhurst et al., 2006, 2014; Rapalini et al.,
2013; Varela et al., 2011).

In terms of metamorphism and deformation, the Mina Gonzalito Complex shows N-S to NNW-SSE
structures (mainly folds with some shear zones), which are cut by upper Lower Ordovician granitoids (ca. 472
Ma; González et al., 2008). e thermal peak would have occurred before the 472 Ma (in Early Ordovician or
Cambrian times), reaching the upper amphibolite facies in intermediate temperature and pressure (IT-IP)
metamorphic conditions (González et al., 2008; Greco et al., 2014; Pankhurst et al., 2006). All this indicates
that both the metamorphism and the deformation are older than those described in the San Martín de los
Andes area. ese Cambrian-Ordovician magmatic and tectono-metamorphic events have recently been
related to the Ross orogenic cycle by Ramos and Naipauer (2014) and Heredia et al. (2016).

e upper Lower Ordovician plutonic rocks of the eastern North Patagonian Massif were also deformed
in metamorphic conditions by some subsequent event, prior to the deposition of the rocks included in the
Sierra Grande Formation, of late Silurian-early Devonian age (Wenlock in the basal part, according to fossils
collected by Müller, 1965), which unconformably cover the older rocks. is tectono-metamorphic event is
similar in age to the one described in our study area (climax in around 434 Ma, Llandovery-Wenlock limit)
and implies that the pre-Devonian deformation finished before the end of the Wenlock (ca. 427.5 Ma).
Heredia et al. (2016) correlated this event to the Famatinian orogenic cycle of Patagonia.

e detrital zircon patterns for the basement of eastern North Patagonian Massif show the youngest peak
close to the maximum sedimentation age of the basement units, at approximately 515 Ma (Greco et al., 2015;
Pankhurst et al., 2006). is peak reveals the presence of the active magmatic arc of Cambrian and Early
Ordovician age. e detrital zircons also indicate older provenances for these units with peaks at ca. 550-650
(Cambrian-late Neoproterozoic) and 1,000-1,200 Ma (late Mesoproterozoic), as well as isolated ages at ca.
2,200 Ma (Greco et al., 2017; Naipauer et al., 2010; Pankhurst et al., 2006, 2014; Rapalini et al., 2013).
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On the other hand, detrital zircon analysis of metasedimentary rocks in San Martín de los Andes area
exhibit a different pattern. A well-defined peak of ages is given in the early Mesoproterozoic (ca. 1,409 Ma),
which is missing in eastern North Patagonian basement rocks. In addition, the zircon pattern studied in this
contribution has few young zircons from the Cambrian-Ordovician active arcs (Fig. 13). ese differences
suggest a dissimilar basin with different source rocks for these protoliths.

Recently, Heredia et al. (2016, 2018) proposed a new tectonic evolution for the Palaeozoic of Northern
Patagonia, based in the accretion to the southwestern margin of Gondwana of different continental
fragments. For these authors, during the Ordovician-Silurian, a peri-gondwanic continental block, Western
Patagonia, was accreted to Gondwana, producing the Patagonian Famatinian orogeny. is accretion was
favored by an Ordovician subduction developed beneath Gondwana. In this context, the eastern North
Patagonian Massif would be part of the Gondwana margin and the North Patagonian Andes would be part
of the eastern margin of Western Patagonia. is tectonic setting could explain the different patterns of
detrital zircons found in the rocks of the North Patagonian Massif and the studied area and the differences
between deformational ages.

8. Conclusions

Based on the petrological, structural, geochemical and geochronological data presented in this contribution,
the following conclusions can be drawn:

e protolith of San Martín de los Andes high-grade metamorphic rocks, including the migmatites, was
a sequence of greywackes with minor pelites.

Detrital zircon dating constrains the maximum depositional age for San Martín de los Andes
metasedimentary rocks in 501±14 Ma (Series 3 Cambrian). e source rock ages are mainly
Mesoproterozoic, although older and younger ages are also found.

e early Palaeozoic basins located in eastern Patagonia (North Patagonian and Deseado massifs) and in
the North Patagonian Andes (study area) were active during a similar period of time but in different tectonic
settings.

Migmatites are well represented within the high-grade metamorphic rocks from the study area. Two
metamorphic melting reactions were recognized based on geochemical and petrological data. e most
important one being the breakdown of muscovite, followed by the breakdown of biotite. Both reactions
would have occurred under the influx of water.

e high-grade metamorphic rocks at San Martín de los Andes area show a pervasive regional foliation
(schistosity) that contains the main metamorphic assemblage and we consider this foliation to be S2. e
identification of the S1 is restricted to microlithons in thin sections but the intensity of deformation and
metamorphism during the second phase overprinted previous microstructures. e last deformation event
produced the crenulation of the S2, with local development of a very incipient crenulation cleavage (S3),
mainly developed close to the hinge of gentle asymmetrical folds.

e migmatization and anatectic processes of the metasedimentary rocks took place during the early
Silurian at 430.3±5.2-434.1±4.5 Ma (Llandovery-Wenlock) and its relationship with the deformation
indicates that its age is syn- to post-D2 (S2). is suggests that the study area was located in the internal
zones of the Patagonian Famatinian orogen (in the sense of Heredia et al. 2016), which would have been
deformed before the end of the Wenlock (ca. 427 Ma), since the post-orogenic Sierra Grande Formation is
late Silurian to early Devonian in age.

Brittle-ductile structures with a NNW-SSE trend and developed under low-grade metamorphic
conditions, affected the high-grade Famatinian rocks and Devonian granitoids. is tectono-metamorphic
event can be associated to the Gondwanan orogeny. e main structures interpreted as Gondwanan are
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centimetric to hectometric shear bands, the thickest of which shows SW dip and NE tectonic transport
direction.

Brittle, N-S trending structures, related to an Andean thrust and fold belt, slightly deformed the
Palaeozoic basement rocks in Cenozoic times. e geometry (dip and trend) of the Andean thrusts seems to
be conditioned by the orientation of the previous Gondwanan shear bands.

Fig. 1.
Fig. 1. A. Geographic location of the studied area modified from Ramos (1975); B. Geological context of the

studied area with the location of the geological maps of figures 2A and 2B. Modified from Leanza et al. (2011).
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Fig. 2.
Fig. 2. A. Geological sketch map of the area located between the Lácar and Lolog lakes, showing the distribution

of the main lithological units. e small purple circles indicate the location of the analyzed samples of table 1:
1) SMA74; 2) SMA96; 3) SMA98; 4) SMA84; 5) SMA86; 6) SMA86a; 7) SMA89; 8) SMA89a. B. Geological

sketch map of the Curruhué Grande lake area. Modified from Cucchi and Leanza (2006). See location in figure 1B.
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Fig. 3.
Fig. 3. Field photographs and photomicrographs showing the metasedimentary rocks and migmatites from San Martín de los
Andes area. A. Alternate gneisses and schists; B. Main metamorphic assemblage in schists Qtz+Pl+Bt+Crd+Sil defining the

crenulated S2 foliation; C. Stromatic structure in a metatexite. Note the stromatic layering is parallel to the principal foliation
(S2) of the metasedimentary rocks; D. Schollen diatexites. Ras of metasedimentary rocks with incipient migmatization; E.

Schlieren diatexites with flow banding structure with aligned biotite schlierens; F. Photomicrography of the leucosome of a schollen
diatexite with quartz, microcline, plagioclase, biotite and muscovite; G. Photomicrography of a schlieren in thin section defined
by dotted line; H. Symplectites between muscovite and quartz. All mineral abreviations according to Siivola and Schmid (2007).
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Fig. 4.
Fig. 4. Field photographs and microphotographs of Devonian granitoids and metamorphic rocks, and structures from San
Martin de los Andes area. A. Secondary paragenesis and microstructures in the anatectic granite; B. Microphotograph of
the schist from the country rock of the anatectic granite, showing the S2 regional foliation; C. Low-grade metamorphic
paragenesis in Devonian granitoids; D. Photomicrograph of a biotite-rich schist with S2 foliation and relict S1 foliation

defined mainly by graphite; E. Field photograph of S2 affected by D3 crenulation; F. Photomicrography of folded S2
and incipient S3 crenulation cleavage defined by opaque minerals along pressure-solution bands; G. Discrete centimetric
brittle-ductile shear bands affecting Devonian igneous rocks; H. Oblique section of the Alerce river Gondwanan brittle-
ductile thrust (Gondwanan shear band), affecting Devonian tonalites near Lago Curruhué Chico (see location in figure
2B). Top block with NE tectonic transport direction. All mineral abreviations according to Siivola and Schmid (2007).

Fig. 5.
Fig. 5. A. Detail of the río Alerce shear band, showing C and S structures in red; B. Andean brittle fault.
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Fig. 6.
Fig. 6. A. Chondrite normalized Rare Earth Elements diagram of metamorphic rock samples from San Martín de los

Andes area. Chondrite REE contents aer Sun and McDonough (1989); B. Primitive mantle normalized incompatible
element abundances (aer Sun and McDonough, 1989) of metamorphic rock samples from San Martín de los Andes area.
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Fig. 7.
Fig. 7. Backscattered images of the detrital zircons analyzed by LA-Q-ICP-MS of the metasedimentary rock

from Serra-Varela et al. (2016). Spot number is shown for each grain. Based on age distributions different
populations were identified: P1 population (656 to 496 Ma); P2 population (1,264 to 874 Ma); and P3

population (1,510 to 1,299 Ma). Single grains display ages of 1,891, 2,056, 2,127 and 2,556 Ma. Spot size of 30 µm.

Fig. 8.
Fig. 8. Ages of the analysed detrital zircons, the uncertainties are at 2σ level. A. Relative probability plot (red curve) and frequency

histograms (light green bars) of the detrital zircon ages. Colored bars represent the different population distinguished. P1
(yellow), P2 (violet) and P3 (green). B. Mean age of the three youngest zircons from the analysed detrital zircon analysis.



Samanta Serra-Varela, et al. Evolution of the Palaeozoic basement of the North Patagonian Andes in...

PDF generated from XML JATS4R by Redalyc
Project academic non-profit, developed under the open access initiative 119

Fig. 9.
Fig. 9. Backscattered images of the zircons from the anatectic granite analyzed by LA-Q-ICP-MS separated in three age

groups: crystallization ages, inherited ages and rejuvenated. Spot number is shown for each grain. Spot size of 30 µm.

Fig. 10.
Fig. 10. Crystallization age obtained for the anatectic granite. A. Mean age of nineteen concordant

zircons. e blue square shows the youngest group of ages interpreted as rejuvenation ages, while the red
square comprises the oldest group considered as inherited ages. e green line represents the mean of

the crystallization ages; B. Concordia age calculated for the crystallization ages. Ellipses depict 2σ errors.
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Fig.11.
Fig.11. Resume chart showing the geological Palaeozoic evolution of the San Martín de los

Andes area considering structure, metamorphism and lithology. Based on Heredia et al. (2016).

Fig. 12.
Fig. 12. /Sc-Zr/Sc ratio diagram aer McLennan et al. (1993). is diagram shows the composition of the sources and the extent

of recycling or concentration of Zr in the sedimentary protolith, associated with the abundance of heavy minerals, particularly zircon.
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Fig. 13.
Fig. 13. Regional geological sketch map showing the different basement units for the North Patagonian Andes and

the North Patagonian Massif (modified from Pankhurst et al., 2006). Relative probability plots for El Jaguelito
Formation, Mina Gonzalito Complex and Nahuel Niyeu Formation (from Pankhurst et al., 2006, 2014) are shown

in order to compare them with the San Martín de los Andes basement detrital zircon pattern. Colored bars represent
the different population distinguished for San Martín de los Andes samples. P1 (yellow), P2 (violet) and P3 (green).
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