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Abstract:
							                           
In the Tafí del Valle region, in northwestern Argentina, several intrusive bodies of lower Paleozoic age were emplaced in the metasedimentary Puncoviscana Formation, belonging to the Sierras Pampeanas. Four intrusive bodies outcrop in the study area: La Ovejería, El Infiernillo, Loma Pelada and Los Cuartos. La Ovejería and El Infiernillo intrusive bodies represent the I-type magmatism according to their major element contents and show cotectic evolutions similar to those described by Famatinian I-type batholiths. These moderately peraluminous adakitic trondhjemites have characteristic high Sr/Y ratios and low Fe2O3+MgO+MnO+TiO2 contents. They are related to high-pressure conditions at the source, where dehydration melting of basaltic rocks may be involved and garnet is retained in the residue leading to generation of HREE depleted melts. The Loma Pelada granites show characteristics of S-type magmatism (low CaO and MgO, and high SiO2 and K2O contents) typical of granites segregated in the last stages of magmatic differentiation, or anatectic granites. They show an increasing peraluminosity due to garnet entrainment and they are related to the anatectic melts generated in the Puncoviscana Formation. Both the Loma Pelada and Los Cuartos granitoids include samples with intermediate geochemical characteristics that range between those of the El Infiernillo and La Ovejería and the regional metasedimentary rocks. These characteristics could be explained by assimilation processes involving the I-type intrusive magmas and the metasedimentary host rocks or by hybridization processes between trondhjemitic I-type magmas as La Ovejería and El Infiernillo and anatectic S-type melts.
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INTRODUCTION


I-type and S-type granitic classification (Chappell and White, 1974) constitutes a general primary framework to distinguish worldwide magmatism based on geochemical characteristics with significant implications in the source nature and tectonic setting. Straightforward petrologic and geochemical evidences as Aluminium Saturation Index (ASI), CaO and alkalis content, diagnostic mineral phases or enclaves are used to distinguish granitic typologies (Chappell and White, 2001). More controversial evidences are obtained from trace elements and isotopic data, which compositional ranges are overlapped between S- and I-type granitoids (e.g. Hyndman, 1984). From its origin, the I-type and S-type classification involves an important petrogenetic significance that includes the nature of source rocks, P-T conditions during the melting process and tectonic setting (Chappell and White, 1974, 1992; Chappell et al., 2000; King et al., 2001). However, the results of a simple interpretation of this classification are called into question (e.g. Frost et al., 2001), and hybrid terms are usually invoked when a mixed source or assimilation and hybridization processes are involved. Precisely, orogenic belts are paradigmatic examples of the coexistence of S- and I-type end members and transitional or hybrid granitoids (Miller and Bradfish, 1980; Chappell, 1996; Gonçalves et al., 2016; Tung et al., 2016).

The Famatinian arc in northern Argentina represents the best preserved paleo-magmatic arc system formed at the Gondwana active margin during Ordovician times. Several Mountain alignments in the Pampean region of northern Argentina are characterized by large exposures of granite batholiths that were mostly formed during the Paleozoic (Rapela et al., 1992; Pankhurst and Rapela 1998; Pankhurst et al., 2000; Rossi et al., 2002). From West to East: Sierra de Valle fértil (Otamendi et al., 2009b; Castro et al., 2014), Sierra de Famatina (e.g. Alasino et al., 2014), Sierra de Fiambalá (De Bari, 1994; Pankhurst et al., 2000), Sierra de Velasco (Grosse et al., 2011) and Sierra de Ancasti (Dahlquist et al., 2012). These batholiths, among others, comprise lower to middle crustal fragments conformed by a voluminous arc-related magmatism and its metasedimentary host-rocks. Western I-type calc-alkaline and eastern S-type crustal-derived Ordovician batholiths are spatially and chronologically related with transitional hybrid granitoids in the Famatinian Belt (e.g. Grosse et al., 2011). The transition from I-type to S-type implies a compositional continuum related with an increasing participation of crustal metasediments towards the continental interior, as it has been proposed in other arcs (e.g. De Paolo, 1981; Brown et al., 1984; Gray, 1984; Liew and Hofmann, 1988; Collins, 1996).

This study concerns the magmatism emplaced in a retro-arc context in the active margin of Gondwana, as proposed by Buttner (2009). In the Tafí del Valle region, located to the northeast of the Famatinian Belt, Ordovician I-type and S-type granitoids are emplaced in the thick low- to medium-grade metasediments of the Puncoviscana Formation (Fm.). The study of in-situ processes occurred in deep-generated calc-alkaline magmas and emplaced in an anatectic crustal domain are crucial to understand the role of assimilation and hybridization from the petrological and geochemical variability in the granitoids.





GEOLOGICAL SETTING


The Famatinian magmatic arc extends over 1500km along a NNW-SSE trending belt, from ~22°S to ~33°S. It is characterized by a widespread Ordovician magmatism forming an outer I-type dominated belt to the West, and an inner S-type dominated belt to the East (Toselli et al., 1996; Pankhurst et al., 2000) (Fig. 1).
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Figure 1.





General geological scheme of the central part of the Sierras Pampeanas, NW Argentina. Limits of Precodillera terrane, Famatinian magmatic arc and the Pampean orogen are represented by dashed lines.











To the East, basement units were mainly affected by the Pampean orogeny, which was characterized by late Neoproterozoic sedimentation and Ediacaran to Cambrian deformation, magmatism and metamorphism (Rapela et al., 2007). The Sierras Pampeanas consist of several blocks exhumed during the Neogene by high angle reverse faults with N-S azimuth (González Bonorino, 1950a; Jordan and Allmendinger, 1986; Isacks, 1988). In the Sierras Pampeanas, the I-type belt is mainly represented by the ranges of Famatina (e.g. Aceñolaza et al., 1996; Saavedra et al., 1998), southern La Rioja (Chepes, Los Llanos and Ulapes) (e.g. Pankhurst et al., 2000), southern of Velasco (Bellos et al., 2015) and Valle Fértil (e.g. Otamendi et al., 2009b, Castro et al., 2014). The S-type belt includes the Mountain ranges of Fiambalá (e.g. Grissom et al., 1998), Capillitas (e.g. Rossi et al., 2002), Mazán (e.g. Schalamuk et al., 1989; Toselli et al., 1991) and central and northern Velasco (Rossi et al., 2005; Grosse et al., 2011).

Three orogenic events were involved in the origin and evolution of the Sierras Pampeanas (Sims et al., 1998; Aceñolaza et al., 2000; Rapela et al., 2001; Höckenreiner et al., 2003; Buttner et al., 2005; Steenken et al., 2008): the Pampean event (Late Neoproterozoic-Lower Cambrian), the Famatinian event (Upper Cambrian-Lower Devonian) and the Achalian event (Middle Devonian-Lower Carboniferous); this latter one is not represented in the study area. The Pampean and Famatinian orogens are interpreted to be the result of the subduction, continental collision and accretion of several terranes along the Gondwana margin (Ramos et al., 1986; Ramos, 1988, 1995, 2008; Willner, 1990; Dalla Salda et al., 1992; Kraemer et al., 1995; Rapela et al., 1998, 2001, 2007; Omarini et al., 1999). Especially for NW Argentina, these orogens could have resulted from the continuous evolution of an intracratonic mobile belt along the continental margin of Gondwana with the subsequent crustal thickening and magmatic activity (Lucassen et al., 2000), followed by an extensional high thermal period in the Early Ordovician (Büttner et al., 2005).

The Cumbres Calchaquíes and the Sierra de Aconquija belong to the northwestern Pampean Ranges (Caminos, 1979) (Fig. 1). These Mountain ranges show vast exposures of the metamorphic basement (Puncoviscana Fm.: Turner, 1960) that hosts the Lower Ordovician magmatism. In the study area, the Puncoviscana Fm. is mainly formed by low to medium metamorphic grade biotitic schists (Toselli and Rossi de Toselli, 1973). Andalusite and staurolite domains are described in the Cumbres Calchaquíes and extensive migmatization domains are present to the West of the Sierra de Aconquija (Fig. 1) (González Bonorino, 1950a, b, 1951; Toselli and Rossi de Toselli, 1998; Masetti, 2010). In Tafí del Valle region, the metamorphic basement of the Cumbres Calchaquíes is intruded by granitic plutons called Loma Pelada, Los Cuartos, La Ovejería and El Infiernillo that represent the Famatinian magmatism in the region (Fig. 2). These bodies do not show mutual contacts. The contacts with the host rocks, where observed, are sharp and transitional (schlieren textures and enclaves are present to the east of Los Cuartos and Loma Pelada).
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Figure 2.





Geological map of Tafí del Valle area, Province of Tucumán, Argentina. The studied granitoids are represented. Mineral abbreviations in the legend are from Kretz (1983).











The available geochronological data of the studied intrusive units is scarce. Los Cuartos granite yields ages from 479 ± 9 to 456 ± 21Ma (K/Ar on biotite, González et al., 1973) and the Loma Pelada granite gives 470 ± 10Ma (Rb/Sr, Sales et al., 1998).





PETROGRAPHY AND SAMPLE DESCRIPTIONS


To obtain a first hand classification of the studied granites we have considered the classification of Chappell and White (2001) (Fig. 3). Most samples of the Los Cuartos granite present higher K2O and FeO contents than La Ovejería and El Infiernillo tonalites and granodiorites, and are located in the S-type granites field. Besides, metapelitic xenoliths are recognized in the Los Cuartos granites. La Ovejería and El Infiernillo samples are mostly located in the I-type granites field, although some of them are plotted together with Loma Pelada granites in an intermediate location between S- and I-type granites (Fig. 3). La Ovejería, El Infiernillo, Los Cuartos and Loma Pelada lack diagnostic minerals as hornblende for I-type and garnet or cordierite for S-type granites. The studied granites are postectonic as shown by its discordant contacts with the host rocks foliation and the lack of internal deformation.
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Figure 3.





A) Na2O vs. K2O diagram for the intrusive bodies of the Tafí del Valle region. Dashed line is the limit of I- and S-type granites proposed by Chappell and White (1974). B) CaO vs. total FeO diagram (Chappell and White, 2001). The line represents compositions with equal wt.% CaO and total FeO. The area marked by a red line represents the I-type granites and the grey area the S-type granites of the Lachlan Fold Belt (LFB).













The metamorphic basement


Three low to medium grade metamorphic assemblages are identified in the host basement: biotite zone schists (Bt+Qtz+Chl+Ms+Ab), garnet zone schists (Grt+Qtz+Bt+Ms+Ab) and staurolite zone schists (St+Grt+Bt+Ms+Ab) (mineral abbreviations by Kretz, 1983). These metamorphic zones show a complex relation with the deformational phases described in the region and are related with regional metamorphism (Toselli and Rossi de Toselli, 1973; Willner, 1990). Where the contact area between the plutons and the host-rocks is accessible, a pervasive contact metamorphism is not observed in the basement rocks.

In general, the host rock of the granitoids corresponds to banded schists (Fig. 4A) with alternating of lepidoblastic and granoblastic layers. The first ones are composed by fine-grained muscovite (0.2mm) with a strong preferred orientation; biotite and anhedral quartz (0.1mm) are scarce. Granoblastic layers are constituted by larger grains of anhedral quartz (0.2-0.3mm), scarce plagioclase (An55) and lamellae of preferentially oriented muscovite. Larger and poikiloblastic grains of biotite (0.5mm) without preferred orientation are conspicuous, locally with chlorite overgrowth.
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Figure 4.





A) Granitoid host-rocks are comprised by Bt-, St- and Grt-bearing banded schists. La Ovejería pluton: B) tonalitic medium-grained facies where C) microcline is presented in small late crystallization crystals (N+). D) Tonalitic fine-grained facies of the La Ovejería. E) Thin section of fine-grained facies showing zoned plagioclase crystals (N+). F) Los Cuartos granite presents a significant interaction with abundant host-rock xenoliths.











In the Garnet zone, this mineral is euhedral to suhhedral and forms up to 0.5mm poikiloblast, limpid, immersed in the matrix. In the higer zone, Staurolite presents subhedral to euhedral porphyroblasts (up to 40mm), with characteristic pleochroism. It is strongly poikiloblastic and altered to sericite; garnet is present as inclusions in it. The assemblage next to the metamorphic peak is biotite + muscovite + plagioclase + garnet + staurolite + quartz.





I-type granites





La Ovejería Tonalite



La Ovejería Tonalite is located on the eastern margin of the Sierra de Aconquija. It forms an elongated N-S trending body of 4.4km length and 1.5km width (average) and intrudes biotite and biotite + garnet schists (Fig. 2). Two tonalitic facies were recognized according to their grain size. In the North sector a medium grain size facies (Fig. 4B) consists of plagioclase, quartz, scarce microcline, biotite, turmaline and epidote. Medium grain size tonalites show equigranular and xenomorphic texture (Fig. 4C). Plagioclase is the most abundant mineral phase (60-67vol%). It presents large (up to 3.5mm) anhedral and zoned crystals and small (up to 2.5mm) subhedral crystals. Quartz (20-23vol%) is anhedral, fractured and forms interstitial grains; microcline is presented in scarce and small crystals (1-3vol%), whereas biotite (9-14vol%) constitutes anhedral flakes. Pistacite is anhedral and associated to altered biotite or plagioclase. Turmaline is locally abundant.

A fine grained-size facies is observed in the southern sector (Fig. 4D) consisting of plagioclase, quartz, very scarce microcline, biotite and scarce titanite. This facies shows an inequigranular and xenomorphic texture (Fig. 4E). Plagioclase (56-64vol%) constitutes subhedral and zoned crystals; quartz (24-29vol%) and small microcline (<2vol%) are present as anhedral crystals; titanite forms anhedral and fractured grains. Pistacite and muscovite are present in biotite (10-15vol%) alteration areas.

La Ovejería tonalite is cut by several 2m wide granitic dykes. These show medium grain size and inequigranular texture and consist of microcline, quartz, plagioclase and muscovite. Microcline is present as crystals of up to 4mm. Quartz conforms anhedral grains and as inclusions in microcline. Anhedral to subhedral plagioclase is scarce. Muscovite is abundant as interstitial sheets or as inclusions in microcline.






El Infiernillo Granodiorite



This pluton is located to the North of the La Ovejería Tonalite. It covers an area of 100km2 approximately and intrudes biotite or biotite + garnet schists (Fig. 2).

Two compositional facies are recognized. A facies of granodioritic composition comprises the center of the intrusive body. A second one of dominant tonalitic composition crops out at the border zone. The contact between the two facies is sharp and, occasionally, the tonalites are present as enclaves in the granodiorites. Both facies show an equigranular texture. The granodioritic facies shows plagioclase (42vol%), quartz (24-47vol%) and K feldspar (10-15vol%); biotite (3-18vol%) and muscovite (0-12vol%) are the accessory minerals. Plagioclase is present either as coarse, zoned and deformed crystals or as smaller undeformed crystals. Quartz presents undulate extinction and biotite presents kink band structures. The tonalitic facies presents plagioclase (60-80vol%), quartz (15-40vol%), scarce and intergranular K feldspar (5vol%). Lisiak (1990) and Toselli (1992) described tourmaline in the granodioritic facies and epidote in the tonalitic ones.







S-type and hybrid granites





Loma Pelada Granite



The Loma Pelada Granite is located in the central part of the Tafí del Valle. It constitutes an elongated N-S trending body that crops out along 40km2 (Fig. 2) and intrudes biotite or biotite + garnet schists.

The intrusive rocks consist of biotitic-muscovitic granodiorites, biotitic monzogranites and pegmatitic and quartz-tourmaline bearing dykes. The largest outcrops of this body correspond to the granodiorite facies, that shows zoned crystals of plagioclase (43vol% average), exhibiting an andesine core mantled by an oligoclase rim. Sericitic and clinozoisite alteration is frequent. Myrmekites are common in the contact between plagioclase and K feldspar (13vol% average). Biotite is the predominant mafic mineral (4vol% average) and muscovite is present in larger sheets (3vol% average). The muscovite monzogranite constitutes the South area of the Loma Pelada Granite. It forms dikes that cut the granodioritic facies. Plagioclase (33vol% average) is homogeneous and shows oligoclase-albite composition. Microcline is interstitial (21vol% average), with characteristic Pericline-Albite twins. Muscovite (9vol% average) and scarce garnet are also present.






Los Cuartos Granite



Los Cuartos Granite crops out to the West of the Cumbres Calchaquíes. It is an elongated N-S trending body of 2x7km and intrudes medium metamorphic grade biotite or biotite and garnet schists (Fig. 2). It consists of biotite and muscovite monzogranites and granodiorites that crop out in the South and northwest sector. In the North part of the body tonalites are present. The main body is cut by pegmatitic tourmaline-bearing monzoganitic dykes. The contacts between the different facies are sharp and the presence of xenoliths with different grades of assimilation is recognized in several outcrops (Fig. 4F). Plagioclase (20-34 vol%) forms subhedral deformed and strongly zoned crystals (up to 2.5mm). Occasionally, megacrysts of 6-8mm are recognized. Muscovite and epidote are common secondary minerals. Microcline (7-23vol%) is present as anhedral crystals of 0.3-3.5mm, with deformed twins and perthitic and myrmekitic textures. Quartz crystals (32-50vol%) of 0.2-4.0mm size show undulose extinction with rutile and biotite inclusions. Biotite is the mafic mineral (4-15vol%) and it is present in brown sheets (of up to 2mm) with inclusions of zircon and prismatic apatite. Muscovite is scarce (2-6vol%). Titanite constitutes subhedral crystals up to 0.7mm in size.









GEOCHEMISTRY




Comparative data and analytical techniques


Trace elements from 13 samples of the two facies from La Ovejería granitoids were analyzed (Table I, Appendix I). Trace elements were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) at the University of Huelva by ICP-MS with an HP-4500 system, following digestion in an HF+HNO3 (8:3) solution, drying and further second dissolution in 3ml HNO3. The average precision and accuracy for most of the elements was determined by repeated analyses of the SARM-1 (granite) and SARM-4 (norite) international rock standards, and are in the range 5-10% relative. Major element analyses from La Ovejería, Los Cuartos, El Infiernillo and Loma Pelada granitoids (available in the Electronic Appendix at http://www.geologica-acta.com) were extracted from Lisiak (1990) and Saavedra et al. (1984), López and Bellos (2010), López et al. (2012).

We used previously studied coeval granitoids of the Sierras Pampeanas as comparative data, which represent the geochemical diversity of the regional lower Paleozoic magmatism. Metaluminous I-type granitoids are represented by the Palanche pluton (southern part of the Sierra de Velasco) (Bellos et al., 2015), whereas the examples for the peraluminous S-type magmatism are the Sierra de Chepes and Mazán granites, and the inner area of the Palanche pluton (Dahlquist et al., 2005, Grosse et al., 2011, Toselli et al., 2014).





Major and trace element description


According to the classification scheme of Frost et al. (2001), the intrusive units of La Ovejería, El Infiernillo and Loma Pelada are calcic, whereas the granodiorite samples from El Infiernillo and Loma Pelada evolve to the calc-alkalic field. On the other hand, Los Cuartos granite samples project to the boundary between the calc-alkalic and alkali-calcic series (Fig. 5A). All rock samples are peraluminous (Alumina Saturation Index>1) and show a wide compositional range (SiO2 between 63wt.% and 77wt.%) (Fig. 5B, Table I). Granodiorites from Los Cuartos show SiO2 contents between 64 and 67wt.%, while granites of Loma Pelada are grouped between 73 and 75wt.% SiO2, close to the most evolved samples from La Ovejería and El Infiernillo. In the Harker diagrams (Fig. 6), linear trends for La Ovejería and El Infiernillo samples show negative correlations for Al2O3, FeO, MgO, TiO2 and CaO oxides vs. SiO2 (Fig. 6A-E). Na2O shows a flat trend (Fig. 6G) and a positive correlation between K2O and SiO2 is observed, with a slight dispersion in the high silica samples (Fig. 6F), which are coincident with CaO, MgO and FeO poor Loma Pelada granites. Los Cuartos samples are separated from the general trends described by the other units. These samples show higher contents of FeO, MgO and K2O, and lower of Al2O3, CaO and Na2O in comparison with La Ovejería and El Infiernillo samples.




[image: 50558534002_gf26.png]



Figure 5.





General compositional characteristics of granitoids: A) MALI vs. silica diagram; B) ASI vs. SiO2 diagram (Frost et al., 2001).
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Figure 6.





Silica variation diagrams (Harker) plotting granitoids of the Tafí del Valle area. Linear trends are described by La Ovejería and El Infiernillo samples. Granitoids of Loma Pelada are grouped between 73 and 75wt.% SiO2. Los Cuartos samples are separated from the general trends described by the other units (see further explanations in the text).











In the Ab-Or-An diagram (O’Connor, 1965; Fig. 7A), a continuous evolution from tonalite to granite fields is observed among samples of the La Ovejería, El Infiernillo, and Loma Pelada. Los Cuartos samples, which show higher Or proportions, are mostly located between the granodiorites and monzogranites field. According to the SiO2-Na2O+CaO-FeOt+MgO diagram (Johannes and Holtz, 1996) (Fig. 7B), samples from the La Ovejería, El Infiernillo and Loma Pelada intrusive bodies are defined as trondhjemites. They present low FeO and MgO contents with Fe2O3+MgO+MnO+TiO2<5%.
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Figure 7.





A) Classification of O’Connor (1965) and B) SiO2-Na2O+CaO-FeOt+MgO diagram of Johannes and Holtz (1996). See text for details.












Figure 8 shows the variation of selected trace elements vs. SiO2. La Ovejería and El Infiernillo granites present similar Rb, Y and Ba contents, although a greater scattering is observed in El Infiernillo samples (Fig. 8A; C; E). The Loma Pelada rocks are separated in two groups, one of them is plotted together with the La Ovejería and El Infiernillo granodiorites, whereas a second group shows higher Rb values and lower Sr, Zr and Ba contents (Fig. 8A; B; D; E). Sr content decreases with SiO2 in the La Ovejería samples (from 334 to 20ppm), while the low Rb and Y content is consistent with the trondhjemitic characteristics of the La Ovejería and El Infiernillo granitoids. Los Cuartos samples have higher contents in Rb, Ba, Zr, and Y (24-35ppm). In addition, they show lower Sr values in comparison with the samples with similar SiO2 contents.
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Figure 8.





Variation diagrams of some trace elements vs. SiO2. La Ovejería and El Infiernillo granites present similar trends, although a greater scattering is observed in the El Infiernillo samples. The Loma Pelada samples are separated in two groups. Los Cuartos samples present trace elements contents that differ from those trends pointed by the La Ovejería and El Infiernillo granitoids.











Chondrite-normalized REE plots (Nakamura, 1974) of tonalites and granodiorites of the La Ovejería are shown in Figure 9. In general, subparallel patterns can be observed, with slight negative and positive (5 samples) Eu anomalies. In both cases the patterns generated are almost flat (Eu/Eu*~0.70-1.29, average=0.98). LaN/YbN ratio ranges from 6.63 to 17.46 (average 11.80). In general, La Ovejería samples are enriched in LREE, showing an almost flat pattern for the HREE.
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Figure 9.





Chondrite-normalized (Nakamura, 1974) REE plots. Tonalites and granodiorites of La Ovejería in general show subparallel patterns, with a slight negative Eu anomaly, although 5 samples show positive Eu anomaly. In both cases the patterns generated are almost flat (Eu/Eu * ~ 0.70-1.29, average = 0.98). LaN/YbN ratio ranges from 6.63 to 17.46 (average 11.80).











Trace elements of the La Ovejería granitoids are compared with other S and I-type regional granitoids (Fig. 10). In general, La Ovejería granitoids show lower trace element contents than the comparative I- and S-type granitoids. Sr anomalies are positive for three tonalitic samples, a similar behavior than Eu in REE diagrams for these samples (Fig. 9). However, others granitoids of the La Ovejería present negative Sr anomalies. Flat patterns of Tb, Y, Tm and Yb are similar to the comparative granitoids, although a lower HREE content is observed in the La Ovejería granites.
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Figure 10.





Thompson normalization plot rock/MORB. La Ovejería pluton is compared with other S- and I-type regional granitoids. In general, La Ovejería shows lower trace element contents than the comparative I- and S-type granitoids.















Comparative projections


The new trace element data of the La Ovejería intrusive unit, along with the significant geochemical data from El Infiernillo, Loma Pelada and Los Cuartos granitoids allow a comparison of the lower Paleozoic granitoids of the Tafi del Valle region with the regional coeval magmatism. In order to constrain the petrogenetic considerations and the geochemical variations occurred during the emplacement stage of these magmas, models obtained by the Rhyolite-MELTS program (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998; Gualda et al., 2012) and experimental examples of magmatic evolutions have been used (Figs. 11
and 12).




[image: 50558534002_gf32.png]



Figure 11.





Representation of geochemical variations of major and trace elements of the La Ovejería, El Infiernillo, Loma Pelada, Los Cuartos granitoids and main regional S and I-type intrusives. A) and B) CaO and molar relationship K2O/(K2O+CaO) vs. MgO. Black dashed and grey lines represent model liquid compositions calculated with Rhyolite-MELTS (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998; Gualda et al., 2012) modeling a solid residue composed by Cpx+Pl+Grt and Cpx+Grt, respectively. Major and trace element composition of the starting material are taken from Castro et al., (2014). C) Sr vs. ASI of the selected samples and comparative granitoids. D) Sr/Y vs. Y (black arrow points to the adakites field by Defant and Drummond, (1990). In the inset, Sr/Y vs. SiO2 and Eu/Eu* ratios are plotted. E) LaN/YbN
vs. YbN and LaN/YbN
vs. SiO2 (inset). The field corresponding to the Archean TTG (Martin, 1986) is indicated.











MgO vs. CaO and K2O/ (K2O + CaO) diagrams (Fig. 11A; B) highlight the geochemical differences between the granitoids of the La Ovejería and El Infiernillo regarding to Loma Pelada and Los Cuartos granodiorites and granites. La Ovejería and El Infiernillo samples follow a linear trend similar to the I-type granitoids (Palanche) that matches the cotectic evolution (LLD: Liquid Line of Descent, Castro, 2013). The model liquid compositions of an initial dioritic composition with 1 and 2wt.% of H2O and 0.7 and 1.5GPa were plotted. The resulting trend fits quite well with the evolution of the main group of samples of the La Ovejería and El Infiernillo (Fig. 11A; B). However, some samples of these intrusive units show crossed trends from this cotectic path, noting an enrichment in MgO with a CaO decrease (Fig. 11A) and an increase of K2O (Fig. 11B). These trends settle on the field of regional metasedimentary rocks (Puncoviscana Fm.), suggesting the interaction with country rocks.

Samples from Loma Pelada and Los Cuartos intrusive units show two distinctive locations in the geochemical variation diagrams. A first group, mainly corresponding to Loma Pelada samples, is plotted with the leucogranites, with very low CaO and MgO contents, and highly enriched in K2O, coincident with the most evolved S-type regional granitoids (Velasco, Mazan and Chepes). Moreover, a second group, mainly corresponding to Los Cuartos granites, is placed in an intermediate position between the granodiorites of the La Ovejería and El Infiernillo and the MgO rich S-type granitoids, together with the field of the host metasedimentary rocks.

Regarding to the Sr vs. peraluminosity relations, most of La Ovejería samples show a slight increase of peraluminosity with decreasing Sr, which coincides with an evolution by Cpx+Pl (+Grt) fractionation (Fig. 11C). The rest of the studied granitoids (El Infiernillo, Loma Pelada and Los Cuartos) present much higher peraluminosity compared with the values observed in La Ovejería samples (ASI=1.15 approximately), and show no correlation with the Sr contents. The Sr/Y ratio (Fig. 11D) shows a similar behavior in La Ovejería and El Infiernillo granitoids. The increase of Sr/Y vs. Y in these samples is remarkable and matches the trends pointed by the modeled dioritic composition for 0.7 and 1.5GPa. The high Sr content and the strong depletion of the more refractory elements can be related to the presence of garnet at the source, because garnet would retain the Y and the most refractory elements (Moyen, 2009). Higher Sr/Y ratios coincide with lower SiO2 contents and higher Eu/Eu* values (Fig. 11D). LaN/YbN
vs. YbN diagram (Fig. 11E) confirms the moderate LREE/HREE ratios observed in Figure 8, which are positively correlated with SiO2 contents.


Figure 12 shows a projection in the pseudoternary system defined by Opx-An-Or (Fe+Mg+Mn; Ca; K). La Ovejería and El Infiernillo samples are plotted between the areas typically occupied by trondhjemites (close to the An apex) and the less evolved granitoids of the calc-alkaline systems used for comparison. The best fit regarding to the conditions of the experimental examples are undersaturated between 0.7 and 1.5GPa, with parental compositions very similar to primary andesitic magmas in the less evolved samples. However, some granitoids of this group follow paths not described by cotectic trends of granotonalites (Castro, 2013), and point to the compositions of S-type granitoids and regional metasediments. A second group is projected very close to the Or apex and leucogranites, trending toward the location of the host rocks (Fe+Mg+Mn) with increasing peraluminosity. Finally, a third group is recognizable by an intermediate location between I-type magmas trends and S-type granitoids together with the composition of the host metasediments.
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Figure 12.





Pseudoternary system defined for Opx (Fe-Mg-Mn), An (Ca), Or (K) phases. Location of compositional fields of primary magmas, pelites and graywackes and cotectic evolutions of examples were taken of Díaz-Alvarado et al. (2011) and Castro (2013).

















DISCUSSION


New geochemical data obtained from the La Ovejería granitoids and the previously studied samples in the Tafí del Valle region allow us to propose a new scheme for the late Paleozoic regional magmatism. All these granitic units were emplaced in a retro-arc environment, during the development of the Famatinian magmatic arc at the western margin of Gondwana, as the result of the subduction of the paleo-Pacific oceanic Plate (Pankhurst and Rapela, 1998; Lucassen and Franz, 2005; Miller and Söllner, 2005; De los Hoyos et al., 2011). To the West, this arc is dominantly conformed by calc-alkaline I-type granitoids, with small S-type associated bodies (Saal et al., 1996; Toselli et al., 1996; Saavedra et al., 1998; Dahlquist et al., 2005; Otamendi et al., 2009a, 2009b, 2012, Bellos et al., 2015). To the East, the S-Type peraluminous granites are predominant, and large batholiths were emplaced eastwards at lower pressures in a thicker crust (Toselli et al., 2000, 2005; Báez and Basei, 2005; Grosse and Sardi, 2005; Grosse et al., 2009). The granitoids of the La Ovejería, El Infiernillo, Loma Pelada and Los Cuartos are located to the East of the Famatinian Arc.

According to the geochemical characteristics found out in this study, La Ovejería and El Infiernillo tonalites and granodiorites show Na2O/K2O and CaO/FeO ratios that mostly coincide with the I-type granites (Fig. 3). Major elements variation diagrams as MgO vs. CaO and K2O/(K2O+CaO) show cotectic evolutions that relate these granitoids with regional I-type magmatism (Fig. 11A; B). However, significant differences with the typical I-type granitoids of the Famatinian Arc are observed. They are weakly to moderate peraluminous (ASI=1.1-1.4) (Fig. 5B). Hornblende is absent in these rocks and scarce titanite is observed only in some tonalitic facies of the La Ovejería body. Samples from the La Ovejería intrusive unit show a strong enrichment in Sr/Y with respect to Y (Fig. 11D). This, together with the moderate LREE/HREE ratio and the low YbN content (Fig. 11E) are characteristic of the adakitic signature. Interestingly, La Ovejería and El Infiernillo granitoids are classified as trondhjemites according to their low Fe2O3+MgO+MnO+TiO2 contents. Low Rb, moderately peraluminous trondhjemites have been experimentally related to the dehydration partial melting of basaltic rocks at depth, where garnet is retained in the residue (Rapp and Watson, 1995, Frost et al., 2016), leading to generation of HREE depleted melts (Defant and Drummond, 1990). MELTS models (Fig. 11) and experimental (Fig. 12) liquid evolutions for dioritic magmas under high pressure and water undersaturated conditions are coincident with these source conditions suggested for the origin of La Ovejería and El Infiernillo trondhjemites. Cpx+Pl+Grt or Cpx+Grt can be implied in the fractionation and evolution of these magmas (Fig. 11). Nevertheless, the Sr/Y and the Eu/Eu* ratios decreases with the SiO2 content (Fig. 11D), while Y values remain almost constant (Fig. 8D). These, together with the high Sr contents and the positive Eu anomaly observed in the silica-poor less evolved tonalitic samples of La Ovejería, may suggest the absence of Pl in the source, but the subsequent Pl fractionation between the CaO and Sr rich tonalites and granodiorites.

Some samples of both El Infiernillo and La Ovejería intrusive units show crossed trends regarding to the cotectic linear evolution described by most samples (Fig. 11A; B), which point to the compositional field of Fe-Mg rich S-type granitoids and the Puncoviscana Fm. This enrichment in FeO, MgO and K2O, and the dilution of CaO suggest the existence of assimilation processes that involve an important contribution of metasedimentary material in the geochemistry of intrusive magmas during the emplacement process.

A group of the studied granites from Loma Pelada and Los Cuartos granitoids show highly evolved compositions (low CaO and MgO, and high K2O contents) (Fig. 11A; B), typical of granites segregated in the last stages of magmatic differentiation, or anatectic granites. They show an increasing peraluminosity and tend to approach to the host rocks location in the projected diagrams (increase in Fe and Mg content, Fig. 12) that may be due to the greater Grt entrainment. These granitoids are located at the end of the compositional range of the regional S-type magmas, which are related to the anatectic melts generated in the Puncoviscana Fm. Besides, both the Loma Pelada and Los Cuartos granitoids include samples with intermediate geochemical characteristics that range between the samples of the El Infiernillo and La Ovejería and the regional metasedimentary rocks (Fig. 11A-E
and 12). It could be explained by assimilation processes involving the I-type intrusive magmas and the metasedimentary host rocks or hybridization processes between trondhjemitic I-type magmas as La Ovejería and El Infiernillo and anatectic S-type melts.

Based on the isotopic characteristics such as the initial 87Sr/86Sr ratio (0.7063-0.7069) and the εNd (-1 to -3.8) of the Cumbres Calchaquíes granitoids, Toselli et al. (2002) indicate that a mixture between cortical and mantelic components were involved in the petrogenesis of these magmas. Sales et al. (1998) obtained an initial 87Sr/86Sr ratio of 0.7063 for the Loma Pelada granite and achieved similar conclusions. Although these isotopic signatures could be primary in part due to a subcortical formation from a mixture of subducted sediments and basic rocks (Castro 2013, 2014), the addition of crustal material at the emplacement level by assimilation processes may achieve these ancient isotopic signatures.





CONCLUSIONS


The geochemical characteristics of the intrusives recognized in the region of Tafí del Valle let us describe two main types of magmatism and a third group of granites that represents an hybridization processes between them. La Ovejería and El Infiernillo intrusive bodies represent the I-type magmatism with adakitic signature characteristic related with high-pressure conditions at the source, where the dehydration melting of basaltic rocks may be involved.

Loma Pelada and Los Cuartos granitoids show highly evolved compositions, typical of granites segregated in the last stages of magmatic differentiation, or anatectic granites. They show increasing peraluminosity and tend to approach to the host rocks location in the projected diagrams. These granitoids are located at the end of the compositional range of the regional S-type magmas, which are related to the anatectic melts generated in the Puncoviscana Fm.

In addition, the emplacement of I-type magmas in the middle crust, where anatexis and deformational processes were occurring simultaneously produce the interaction between intrusive magmas and the partially melted host rocks. This process is recognized in some intrusive facies present in the Los Cuartos granite suite that show intermediate characteristics between purely calc-alkaline I-type and anatectic S-type magmas. This could be explained by assimilation processes involving the I-type intrusive magmas and the metasedimentary host rocks or hybridization processes between trondhjemitic I-type magmas as La Ovejería and El Infiernillo and anatectic S-type melts.

The ongoing detailed structural studies in the region, combined with the geochronology of intrusive and metamorphic units, should provide some keys to understand the processes that conformed the region during the lower Paleozoic.







Acknowledgments

The authors thank to CIUNT for financial support through projects PIUNT 26/G518 of the Universidad Nacional de Tucumán, Argentina and CGL2013-48408-C3-1-P (LITHOS). The manuscript benefits with suggestions and criticisms by an anonymous referee and Montserrat Liesa. Our group acknowledges Macarena Cardenas Ypa for the English revision.




References

Aceñolaza, F.G., Miller, H., Toselli, A.J., 1996. Geología del Sistema de Famatina. Munchner Geologische Hefte, Reihe A19, Germany, 412pp.

Aceñolaza, F.G., Miller, H., Toselli, A.J., 2000. The Pampean and Famatinian Cycles superposed orogenic events in west Gondwana. Zeitschriftfur Angewandte Geologie, 1, 337-344.

Alasino, P.H., Casquet, C., Larrovere, M.A., Pankhurst, R.J., Galindo, C., Dahlquist, J.A., Baldo, E.G., Rapela, C.W., 2014. The evolution of a mid-crustal thermal aureole at Cerro Toro, Sierra de Famatina, NW Argentina. Lithos, 190-191, 154-172.

Asimow, P.D., Ghiorso, M.S., 1998. Algorithmic Modifications Extending MELTS to Calculate Subsolidus Phase Relations. American Mineralogist, 83, 1127-1132.

Báez, M.A., Basei, M.A., 2005. El plutón San Blas, magmatismo posdeformacional Carbonífero en la Sierra de Velasco. Serie de Correlación Geológica, 19, 239-246.

Bellos, L.I., Castro, A., Díaz-Alvarado, J., Toselli, A.J., 2015. Multi-pulse cotectic evolution and in-situ fractionation of calc-alkaline tonalite-granodiorite rocks, Velasco Cambro-Ordovician batholith, Famatinian belt, Argentina. Gondwana Research, 27(1), 258-280.

Brown, G.C., Thorpe, R.S., Webb, P.C., 1984. The geochemical characteristics of granitoids in contrasting arcs and comments on magma sources. Journal of the Geological Society, 141, 413-426.

Buttner, S.H., 2009. The Ordovician Sierras Pampeanas-Puna basin connection: Basement thinning and basin formation in the Proto-Andean back-arc. Tectonophysics, 3-4, 278-291.

Buttner, S.H., Glodny, J., Lucassen, F., Wemmer, K., Erdmann, S., Handler, R., Franz, G., 2005. Ordovician metamorphism and plutonism in the Sierra de Quilmes metamorphic complex: implications for the tectonic setting of the Northern Sierras Pampeanas (NW Argentina). Lithos, 83, 143-181.

Caminos, R., 1979. Sierras Pampeanas Noroccidentales. Salta, Tucumán, Catamarca, La Rioja y San Juan. 2° Simposio Geológico de la República Argentina. Academia Nacional de Ciencias de Córdoba, 225-291.

Castro, A., 2013. Tonalite-granodiorite suites as cotectic systems: A review of experimental studies with applications to granitoid petrogenesis. Earth Science Reviews, 124, 68-95.

Castro, A., 2014. The off-crust origin of granite batholiths. Geoscience Frontiers, 5, 63-75.

Castro, A., Díaz-Alvarado, J., Fernández, C., 2014. Fractionation and incipient self-granulitization during deep-crust emplacement of Lower Ordovician Valle Fértil batholith at the Gondwana active margin of South America. Gondwana Research, 25, 685-706.

Chappell, B.W., 1996. Magma Mixing and the Production of Compositional Variation within Granite Suites: Evidence from the Granites of Southeastern Australia. Journal of Petrology, 37(3), 449-470.

Chappell, B.W., White. A.J.R., 1974. Two contrasting granites types. Pacific Geology, 8, 173-174.

Chappell, B.W., White. A.J.R., 1992. I- and S-type granites in the Lachlan Fold Belt. Transactions of the Royal Society of Edinburgh: Earth Science, 83, 1-26.

Chappell, B.W., White. A.J.R., 2001. Two contrasting granites types: 25 years later. Australian Journal of Earth Sciences, 48, 489-499.

Chappell, B.W., White, A.J.R., Williams, I.S., Wyborn, D., Wyborn, L.A.I., 2000. Lachlan Fold Belt granites revisited: high- and low-temperature granites and their implications. Australian Journal of Earth Sciences, 47(1), 123-138.

Collins, B.W., 1996. Lachlan fold belt granitoids; products of three-component mixing. In: Brown, M., Candela, P.A., Peck, D.L., Stephens, W.E., Walker, R.J., Zen, E-an, (eds.). Third Hutton Symposium on the Origin of Granites and Related Rocks. Geological Society of America, 315, 171-181.

Dahlquist, J.A., Rapela, C.W., Pankhurst, R.J., Baldo, E.G., Saavedra, J., Alasino, P.H., 2005. Los granitoides de la Sierra de Chepes y su comparación con granitoides paleozoicos de las Sierras Pampeanas implicancias para el orógeno Famatiniano. In: Dahlquist, J.A., Rapela, C.W., Baldo, E., (eds.). Geología de la provincia de La Rioja -Precámbrico-Paleozoico Inferior. Asociación Geológica Argentina, Serie D, publicación especial, 8, 87-108.

Dahlquist, J.A., Rapela, C.W., Pankhurst, R.J., Colombo, F., 2012 Age and magmatic evolution of the Famatinian granitic rocks of Sierra de Ancasti, Sierras Pampeanas, NW Argentina. Journal of South American Earth Sciences, 34, 10-25.

Dalla Salda, L., Cingolani, C.A., Valera, R., 1992. Early Paleozoic orogenic belt of the Andes in southwestern South America. Result of Laurentian–Gondwana collision? Geology, 20, 617-620.

Defant, M.J., Drummond, M.S. 1990. Derivation of some modern arc magmas by melting of young subducted lithosphere. Nature, 347, 662- 665.

De Bari, S., 1994. Petrogenesis of the Fiambalá gabbroic intrusion, Northwestern Argentina, a deep crustal syntectonic pluton in a continental magmatic arc. Journal of Petrology, 35, 679-713.

De los Hoyos, C.R., Willner, A.P., Larrovere, M.A., Rossi, J.N., Basei, M.A.S., 2011. Tectonothermal evolution and exhumation history of the Paleozoic Proto-Andean Gondwana margin crust: The Famatinian Belt in NW Argentina. Gondwana Research, 20, 309-324.

De Paolo, D.J., 1981. Trace element and isotopic effects of combined wallrock assimilation and fractional crystallization. Earth and Planetary Science Letters, 53, 189-202.

Díaz-Alvarado, J., Castro, A., Fernández, C., Moreno-Ventas, I., 2011. Assessing bulk assimilation in cordierite-bearing granitoids from the Central System batholith, Spain; experimental, geochemical and geochronological constraints. Journal of Petrology, 52(2), 223-256.

Frost, B.R., Barnes, C.G., Collins W.J., Arculus, R.J., Ellis, D.J., Frost, C.D., 2001. A geochemical classification for granitic rocks. Journal of Petrology, 42, 2033-2048.

Frost, C.D., Frost, B.R., Beard, J.S., 2016. On silica-rich granitoids and their eruptive equivalents. American Mineralogist, 101, 1268-1284.

Ghiorso, M.S., Sack, R.O., 1995. Chemical mass transfer in magmatic processes. IV. A revised and internally consistent thermodynamic model for the interpolation and extrapolation of liquid–solid equilibria in magmatic systems at elevated temperatures and pressures. Contributions to Mineralogy and Petrology, 119, 197-212.

González Bonorino, F., 1950a. Algunos problemas geológicos de las Sierras Pampeanas. Revista de la Asociación Geológica Argentina, 5, 81-110.

González Bonorino, F., 1950b. Descripción geológica de la Hoja 13e, Villa Alberdi, provincia de Tucumán. Dirección Nacional de Minería, Boletín 74. Buenos Aires.

González Bonorino, F., 1951. Granitos y migmatitas de la falda occidental de la sierra de Aconquija. Revista de la Asociación Geológica Argentina, 6, 137-186.

González, R., Toselli, A.J., Soria, B., 1973. Edades Potasio-Argón de algunos granitos de las Cumbres Calchaquíes, Provincia de Tucumán. Acta Geologica Lilloana, 12(4), 61-70.

Gonçalves, L., Alkmim, F.F., Pedrosa-Soares, A.C., Dussin, I.A. Valeriano, C., Lana, C., Tedeschi, M., 2016. Granites of the intracontinental termination of a magmatic arc: an example from the Ediacaran Araçuaí orogen, southeastern Brazil. Gondwana Research, 36, 439-458.

Gray, C.M., 1984. An isotopic mixing model for the origin of granitic rocks in southeastern Australia. Earth and Planetary Science Letters, 70(1), 47-60.

Grissom, G.C., De Bari, S.M., Lawrence, W.S., 1998. Geology of the Sierra de Fiambalá, northwestern Argentina: implications for Early Paleozoic Andean tectonics. In: Pankhurst, R.J., Rapela, C.W., (eds.). The Proto-Andean margin of Gondwana. Geological Society of London, Special Publications, 142, 297-323.

Grosse, P., Sardi, F.G., 2005. Geología de los granitos Huaco y Sanagasta, sector centro-oriental de la Sierra de Velasco, La Rioja. In: Aceñolaza, F.G., Aceñolaza, G., Hünicken, M., Rossi, J.N., Toselli, A.J., (eds.). Serie Correlación Geológica, 19, 221-238.

Grosse, P., Söllner, F., Báez, M.A., Toselli, A.J., Rossi, J.N., de la Rosa, J.D., 2009. Lower Carboniferous post-orogenic granites in central-eastern Sierra de Velasco, Sierras Pampeanas, Argentina: U-Pb monazite geochronology, geochemistry and Sr-Nd isotopes. International Journal of Earth Sciences, 98, 1001-1025.

Grosse, P., Bellos, L.I., De los Hoyos, C.R., Larrovere, M.A., Rossi, J.N., Toselli, A.J., 2011. Across-arc variation of the Famatinian Magmatic Arc (NW Argentina) exemplified by I-, S and transitional I/S-type Early Ordovician granitoids of the Sierra de Velasco. Journal of South American Earth Sciences, 32, 110-126.

Gualda, G.A.R., Ghiorso, M.S., Lemons, R.V., Carley, T.L., 2012. Rhyolite-MELTS: A modified calibration of MELTS optimized for silica-rich, fluid-bearing magmatic systems. Journal of Petrology, 53, 875-890.

Hyndman, D.W., 1984. A petrographic and chemical section through the northern Idaho batholith. Journal of Petrology, 92, 83-102.

Höckenreiner, M., Söllner, F., Miller, H., 2003. Dating the TIPA shear zone: an Early Devonian terrane boundary between Famatinian and Pampean systems (NW Argentina). Journal of South American Earth Sciences, 16, 45-66.

Isacks, B., 1988. Uplift of the central Andean plateau and bending of the Bolivian Orocline. Journal of Geophysical Research, B93, 3211-3231.

Johannes, W., Holtz, F., 1996. Petrogenesis and Experimental Petrology of Granitic Rocks. Berlin, Springer-Verlag, 335pp.

Jordan, T.E., Allmendinger, R.W., 1986. The Sierras Pampeanas of Argentina: A modern analogue of Rocky Mountain foreland deformation. American Journal of Science, 286, 737-764.

King, P.L., Chappell B.W., Allen C.M., White A.J.R., 2001. Are A-type granites the high-temperature felsic granites? Evidence from fractionated granites of the Wangrah Suite. Australian Journal of Earth Sciences, 48, 501-514.

Kraemer, P.E., Escayola, M.P., Martino, R.D., 1995. Hipótesis sobre la evolución tectónica neoproterozoica de las Sierras Pampeanas de Córdoba (3040’-3240’S), Argentina. Revista de la Asociación Geológica Argentina, 50, 47-59.

Kretz, R., 1983. Symbols for rock-forming minerals. American Mineralogist, 68, 277-279.

Liew, T.C., Hofmann, A.W., 1988. Precambrian crustal components, plutonic associations, plate environment of the Hercynian Fold Belt of central Europe: indications from a Nd and Sr isotopic study. Contributions to Mineralogy and Petrology, 98, 129-138.

Lisiak, J. H., 1990. Petrografía y geoquímica de las granodioritas de El Infiernillo, Sierra del Aconquija, Tucumán, Argentina. XI Congreso Geológico Argentino, 1, 68-71.

López, J.P., Bellos, L., 2010. Petrología y geoquímica del Granito Los Cuartos, Tafí del Valle, Tucumán, noroeste de Argentina: integración al esquema magmático regional. Estudios Geológicos, 66(2), 147-156.

López, J.P., Bellos, L.I., Castro, A., 2012. Características petrográficas y geoquímicas de la Tonalita La Ovejería, borde oriental de la Sierra del Aconquija, Tafí del Valle, Tucumán: integración con la Granodiorita El Infiernillo. Serie de Correlación Geológica, 28(1), 73-82.

Lucassen, F., Franz, G., 2005. The early Paleozoic Orogen in the Central Andes: a non-collisional orogen compatible to the Cenozoic high plateau? In: Vaughan, A.P.M., Leat, P.T., Pankhurst, R.J., (eds.). Terrane Processes at the Margins of Gondwana. Geological Society, Special Publications, 246, 257-273.

Lucassen, F., Becchio, R., Wilke, H.G., Franz, G., Thirlwall, M.F., Viramonte, J., Wermmer, K., 2000. Proterozoic e Paleozoic development of the basement of the Central Andes (18-26) - a mobile belt of the South American craton. Journal of South American Earth Science, 13, 697-715.

Martin, H., 1986. Effect of steeper Archaean geothermal gradient on geochemistry of subduction-zone magmas. Geology, 14, 753-756.

Masetti, E., 2010. Petrografía y estructura del basamento ígneo-metamórfica de la región de Los Cuartos, departamento de Tafí del Valle, provincia de Tucumán, Argentina. Acta Geologica Lilloana, 22(1-2), 46-57.

Miller, C.F., Bradfish, L.J., 1980. An inner Cordilleran belt of muscovite-bearing plutons. Geology, 8, 412-416.

Miller, H., Söllner, F., 2005. The Famatina complex (NW-Argentina): back-docking of an island arc or terrane accretion? Early Palaeozoic geodynamics at the western Gondwana margin. In: Vaughan, A.P.M., Leat, P.T., Pankhurst, R.J., (eds.). Terrane Processes at the margins of Gondwana. Geological Society of London, Special Publications, 246, 241-256.

Moyen, J.F., 2009. High Sr/Y and La/Yb ratios: the meaning of the “Adakitic signature”. Lithos, 112, 556-574.

Nakamura, N., 1974. Determination of REE, Ba, Fe, Mg, Na and K in carbonaceous 1776 and ordinary chondrites. Geochimica et Cosmochimica Acta, 38, 757-773.

O’Connor, J.T., 1965. A classification for quartz-rich igneous rocks based on feldspar ratios. U.S Geological Survey, Professional Paper, 525B, B79-B84.

Omarini, R.H., Sureda, R.J., Gftze, H.J., Seilacher, A., Pflqger, F., 1999. Puncoviscana folded belt in northwestern Argentina: testimony of Late Proterozoic Rodinia fragmentation and pre-Gondwana collisional episodes. International Journal of Earth Sciences, 88, 76-97.

Otamendi, J.E., Ducea, M.N., Tibaldi, A.M., Bergantz, G.W., de la Rosa, J.D., Vujovich, G.I., 2009a. Generation of tonalitic and dioritic magmas by coupled partial melting of gabbroic and metasedimentary rocks within the deep crust of the Famatinian magmatic arc, Argentina. Journal of Petrology, 50, 841-873.

Otamendi, J.E., Vujovich, G.I., de la Rosa, J.D., Tibaldi, A.M., Castro, A., Martino, R.D., Pinotti, L.P., 2009b. Geology and petrology of a deep crustal zone from the Famatinian paleo-arc: Sierras de Valle Fértil y La Huerta, San Juan, Argentina. Journal of South American Earth Sciences, 27, 258-279.

Otamendi, J.E., Ducea, M.N., Bergantz, G.W., 2012. Geological, petrological and geochemical evidence for progressive construction of an arc crustal section, Sierra de Valle Fértil, Famatinian Arc, Argentina. Journal of Petrology, 53, 761-800.

Pankhurst, R.J., Rapela, C.W., 1998. The proto-Andean margin of Gondwana: an introduction. In: Pankhurst, R.J., Rapela, C.W., (eds.). The Proto-Andean margin of Gondwana. Geological Society of London, Special Publications, 142, 1-10.

Pankhurst, R., Rapela, C., Fanning, C., 2000. Age and origin of coeval TTG, I- and S- type granites in the Famatinian Belt of NW Argentina. Transactions of the Royal Society of Edinburgh Earth Sciences, 91, 151-168.

Ramos, V.A., 1988. Late Proterozoic–Early Paleozoic of South America: a collisional history. Episodes, 11, 168-174.

Ramos, V.A., 1995. Sudamérica: un mosaico de continentes y océanos. Ciencia Hoy, 6, 24-29.

Ramos, V.A., 2008. The basement of the Central Andes: the Arequipa and related terranes. Annual Review of Earth and Planetary Sciences, 36, 289-324

Ramos, V.A., Jordan, T.E., Allmendinger, R.W., Mpodozis, C., Kay, S.M., Cortés, J.M., Palma, M., 1986. Paleozoic terranes of the central Argentine Chilean Andes. Tectonics, 5, 855-880.

Rapela, C.W., Coira, B., Toselli, A.J., Saavedra, J., 1992. The Lower Paleozoic magmatism of southwestern Gondwana and the evolution of the Famatinian Orogene. International Geology Review, 34(11), 1081-1142.

Rapela, C.W., Pankhurst, R.J., Casquet, C., Baldo, E., Saavedra, J., Galindo, C., 1998. Early evolution of the Proto-Andean margin of South America. Geology, 26, 707-710.

Rapela, C.W., Casquet, C., Baldo, E., Dahlquist, J., Pankhurst, R.J., Galindo, C., Saavedra, J., 2001. La Orogénesis del Paleozoico Inferior en el margen protoandino de América del Sur, Sierras Pampeanas, Argentina. Journal of Iberian Geology, 27, 23-41.

Rapela, C.W., Pankhurst, R.J., Casquet, C., Fanning, C.M., Baldo, E.G., González-Casado, J.M., Galindo, C., Dahlquist, J., 2007. The Río de la Plata craton and the assembly of Gondwana. Earth Science Reviews, 83, 49-82.

Rapp, R.P., Watson, E.B., 1995. Dehydration melting of metabasalt at 8-32kbar: implications for the continental growth and crust-mantle recycling. Journal of Petrology, 36, 891-931.

Rossi, J.N., Toselli, A.J., Saavedra, J., Sial, A.N., Pellitero, E., Ferreira, V.P., 2002. Common crustal source for contrasting peraluminous facies in the Early Paleozoic Capillitas Batholith, NW Argentina. Gondwana Research, 5, 325-337.

Rossi, J.N., Toselli, A.J., Báez, M.A., 2005. Evolución termobárica del ortogneis peraluminoso del noroeste de la sierra de Velasco, La Rioja. Revista de la Asociación Geológica Argentina, 60, 278-289.

Saal, A., Toselli, A.J., Rossi de Toselli, J.N., 1996. Granitoides y rocas básicas de la Sierra de Paganzo. In: Aceñolaza, F.G., Miller, H., Toselli, A.J., (eds.). Geología del Sistema de Famatina. Münchner Geologische Hefte, Rehihe A19, 199-209.

Saavedra, J., Toselli, A., Rossi de Toselli, J., 1984. Aspectos Geológicos y geoquímicos del granito peralumínico de Loma Pelada, Tafí del Valle, Tucumán, Argentina. Revista de la Asociación Geológica Argentina, 39(1-2), 121-127.

Saavedra, J., Toselli, A.J., Rossi, J.N., Pellitero, E., Durand, F., 1998. The Early Paleozoic magmatic record of the Famatina system: a review. In: Pankhurst, R.J., Rapela, C.W., (eds.). The Proto-Andean Margin of Gondwana. Geological Society of London, Special Publications, 142, 283-295.

Sales, A., Petronilho, L., Kawashita, K., 1998. Datación de la edad geocronológica de rocas graníticas mediante el uso de un Spike combinado Rubidio/Estroncio. Información Tecnológica, 9(3), 379-386.

Schalamuk, I.B., Toselli, A.J., Saavedra, J., Echeveste, H., Fernández, R., 1989. Geología y mineralización del sector Este de la Sierra de Mazán, La Rioja, Argentina. Revista de la Asociación Argentina de Mineralogía, Petrología y Sedimentología, 20, 1-12.

Sims, J., Ireland, T., Camacho, A., Lyons, P., Pieters, P., Skirrow, R., Stuart Smith, P., Miró, R., 1998. U-Pb, Th-Pb and Ar-Ar geochronology from the southern Sierras Pampeanas, Argentina: implications for the Paleozoic tectonic evolution of the western Gondwana margin. In: Pankhurst, R., Rapela, C., (eds.). The Proto-Andean Margin of Gondwana. Geological Society of London, Special Publications, 142, 259-281.

Steenken, A., Siegesmund, S., Wemmer, K., López de Luchi, M., 2008. Time constraints on the Famatinian and Achalian structural evolution of the basement of the Sierra de San Luis (Eastern Sierras Pampeanas, Argentina). Journal of South American Earth Sciences, 25, 336-358.

Toselli, A., 1992. El magmatismo del Noroeste Argentino. Reseña sistemática e interpretación. Tucumán, Argentina, Serie de Correlación Geológica, 8, 243pp.

Toselli, A.J., Rossi de Toselli, J.N., 1973. Metamorfismo de las Cumbres Calchaquíes I: rasgos de deformación y blastesis en las rocas del faldeo sur-occidental entre La Angostura y Tafí del Valle, Tucumán, Argentina. Revista de la Asociación Geológica Argentina, 28(1), 48-55.

Toselli, A.J., Miller, H., Saavedra, J., Rossi de Toselli, J.N., Pellitero, E., 1996. Granitoides y rocas básicas de la Sierra de Paimán. In: Aceñolaza, F., Miller, H., Toselli, A., (eds.). Geología del Sistema de Famatina. Münchner Geologische Hefte, Rehihe A19, 241-253.

Toselli, A.J., Rossi de Toselli, J.N., 1998. El Basamento metamórfico-ígneo de las Sierras Pampeanas de la Provincia de Tucumán. In: Gianfrancisco, M., Puchulu, M., Durango de Cabrera, J., Aceñolaza, F., (eds.). Geología de Tucumán. Publicación Especial del Colegio de Graduados en Ciencias Geológicas de Tucumán, 47-56.

Toselli, A.J., Rossi, J.N., Sardi, F., López, J., Báez, M., 2000. Caracterización petrográfica y geoquímica de granitoides de la sierra de Velasco, La Rioja, Argentina. 17 Geowissenschaftliches latinamerika–kolloquium (17 LAK). Stuttgart, CD-ROOM, paper Nº 81, 6pp.

Toselli, A.J., Sial, A.N., Rossi, J.N., 2002. Ordovician magmatism of the Sierras Pampeanas, Famatina System and Cordillera Oriental, NW Argentina. In: Aceñolaza, F.G., (ed.). Aspects of the Ordovician System in Argentina. Serie Correlación Geológica, 16, 313-326.

Toselli, A.J., Rossi, J.N., Miller, H., Báez, M.A., Grosse, P., López, J.P., Bellos, L.I., 2005. Las rocas graníticas y metamórficas de la Sierra de Velasco. Serie Correlación Geológica, 19, 211-220.

Toselli, A.J., Rossi, J.N., Basei, M., 2014. Geología e interpretación petrológica de los granitos y pegmatitas de la sierra de Mazán, La Rioja Argentina. Serie Correlación Geológica, 30(1), 7-20.

Toselli, G., Saavedra, J., Córdoba, G., Medina, M., 1991. Petrología y geoquímica de lo granitos de la zona Carrizal-Mazán, La Rioja-Catamarca. Revista de la Asociación Geológica Argentina, 46, 36-50.

Tung, K.A., Yang, H.Y., Yang, H.J., Smith, A., Liu, D., Zhang, J., Wu, C., Shau, Y.H., Wen, D.J., Tseng, C.Y., 2016. Magma sources and petrogenesis of the early middle Paleozoic backarc granitoids from the central part of the Qilian block, NW China. Gondwana Research, 38, 197-219.

Turner, J.C.M., 1960. Estratigrafía de la Sierra de Santa Victoria y adyacencias. Boletín Academia Nacional de Ciencias, 41(2), 163-196.

Willner, A., 1990. División tectonometamórfica del basamento de Noroeste Argentino. In: Aceñolaza, G., Miller, H., Toselli, A., (eds.). El Ciclo Pampeano en el Noroeste Argentino. Serie Correlación Geológica, 4, 113-159.





ELECTRONIC APPENDIX







Table I.




[image: 50558534002_gt7.png]






I.I. Major (wt.%) and trace element (ppm) composition of representative samples from the La Ovejería Tonalite














Table I.
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I.II. (Cont.)



 Tn: tonalites, Gr: granodiorites(a) ASI = Mol Al2O3/(Na2O+K2O+CaO)

(b) Chondrite - normalized (Nakamura, 1974)
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