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The petrogenetic nature of A-type granites is a controversial problem. The Vinquis batholith in the Sierras
Pampeanas of Argentina contains unusual F-rich and strongly peraluminous A-type monzogranites. A new
LA-MC-ICP-MS U–Pb zircon crystallization age of 355± 7Ma indicates emplacement in latest Devonian or earliest
Carboniferous time, overlappingwith extensivemetaluminous A-typemagmatism in the area. Themonzogranites
have a restricted range of SiO2 content (71.5–74.8 %), they are poor in Ca (0.54–1.4% CaO) and rich in FeOt, with
relatively high FeOt/(FeOt+MgO) values ranging from 0.77 to 0.86 (average = 0.80) Both [FeOt/ (FeOt+MgO)]
vs. SiO2 and [(Na2O+K2O)−CaO] vs. SiO2 plots indicate ferroan and alkali-calcic signatures typical of A-type
granitoids. The samples have MgO/TiO2 N 1.2 and are moderately enriched in total alkalis (average 8.18%), with
high K2O/Na2O values of 1.40–2.24. The granites are strongly peraluminous, with ASI (molar Al2O3/
[CaO + Na2O + K2O]) values of 1.2 to 1.3. The high P2O5 content (0.23–0.37%) is distinctive and close to values
reported for other Paleozoic F-rich peraluminous A-type granites in the Sierras Pampeanas. They have moderate
contents of high field strength elements (e.g., Zr, Nb, Th, Y, etc.) and moderately fractionated to flat REE patterns
[(La/Yb)N in the range 4.8–19.6] showing significant negative Eu anomalies (Eu/Eu* = 0.41). Biotite has a distinc-
tive composition, with relatively high Fe2+/(Fe2+ +Mg) ratios (0.61–0.74) and high F (0.55–1.42 wt.%) content.
Together with the whole-rock chemistry this may be useful in identifying strongly peraluminous A-type granites.
In addition, the Rb/Sr vs. Th + Zr + Ce diagrammay be an appropriate discriminant betweenmetaluminous and
peralkaline A-type granites, strongly peraluminous A-type granites and strongly peraluminous orogenic granites.
The geochemical evidence indicates that differentiation of the granitic rocks occurred by mineral fractionation
from a F-rich peraluminous parental magma, dominant of plagioclase, K-feldspar, biotite, and accessory minerals
such as zircon, monazite, xenotime, and oxides. The peraluminous composition and isotope data (εHf,355 and
εNd,355 ranging from−9.5 to−1.5 and−6.1 to−7.8, respectively), togetherwith abundant inherited Ordovician
and Cambrian zircon, strongly suggest a dominantly metasedimentary source. Thewhole-rock and biotite compo-
sitions indicate that the Vinquis batholith crystallized under mainly oxidizing conditions, whereas Early Carbonif-
erous metaluminous to weakly peraluminous A-type granites of the Sierras Pampeanas crystallized under
dominantly reduced conditions.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

A-type granites have distinctmineralogical and geochemical charac-
teristics. However, their genesis has been controversial, leading tomuch
discussion over the past 30 years (e.g., Bonin, 2007; Dall'Agnol et al.,
2012; Frost and Frost, 2011; Papoutsa et al., 2015; Martin, 2006 and
orales Cámera).
references therein). In general, petrogenetic models for A-type granites
commonly invoke igneous source rocks (e.g., Dall'Agnol and Oliveira,
2007; Papoutsa et al., 2015; Patiño Douce, 1997), and there is limited
knowledge about the petrogenesis of peraluminous A-type granites
(Dahlquist et al., 2014 and references therein).

Many authors have stressed the variable petrogenetic nature of
A-type granites (e.g., Dahlquist et al., 2010a; Dahlquist et al., 2014;
Dall'Agnol and Oliveira, 2007; Eby, 1992; Frost and Frost, 2011; King
et al., 1997; Martin, 2006; Patiño Douce, 1999), which reflects contrasts
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inmagma sources and petrological processes. The relevance of oxidized,
magnetite-series A-type granites and their differences compared to
reduced, ilmenite-series rapakivi granites have been demonstrated in
central and southwestern United States (Anderson and Bender, 1989;
Anderson and Morrison, 1992, 2005; Anderson and Smith, 1995;
Barnes et al., 2002) and the eastern Amazonian craton (Dall'Agnol
et al., 1997a, 1999a, b, c, 2005; Rämö et al., 2002).

Anderson and Morrison (1992, 1998) reported the presence of
Mesoproterozoic anorogenic A-type granites in the USA, which were
divided in three large groups: i) low-fO2, metaluminous ilmenite gran-
ites, ii) high-fO2, metaluminous magnetite granites and iii) two-mica
(peraluminous) granites. This classification has been discussed by a
number of workers (e.g., Anderson and Morrison, 2005; Dall'Agnol
and Oliveira, 2007; Johansson et al., 2016; Wang et al., 2015). In partic-
ular, Dall'Agnol and Oliveira (2007) studied Paleoproterozoic A-type
granites in the eastern Amazonian craton and concluded that synchro-
nous A-type granitic suites evolved in varying fO2 conditions resulting
in oxidized and reduced A-type granites.

Peraluminous A-type granites contain biotite or two micas, usually
with aluminous phases such as sillimanite (Anderson and Thomas,
1985). However, these granites have been named as weakly pera-
luminous or aluminous A-type granites because their ASI (molar ratios
of (Al2O3/[CaO + Na2O + K2O]) value is generally ≤1.1 (e.g., Anderson
and Bender, 1989; Anderson and Thomas, 1985; Frost and Frost, 2011;
King et al., 1997; Wang et al., 2015). Anderson and Morrison (2005)
noted that these granites andmetaluminousmagnetite granites crystal-
lized under oxidizing conditions, whereasmetaluminous ilmenite gran-
ites crystallized under reduced conditions. As noticed by some authors
(e.g., Anderson and Morrison, 1992, 2005; Dall'Agnol and Oliveira,
2007), oxidized A-type granites retain A-type characteristics, but they
are less enriched in LILE and some HFSE, and have the lowest Fe/Mg
and K/Na, and the highest δ18O values. Thus, oxidized A-type granites
have less typical A-type geochemical signature than those A-type gran-
ites that crystallized under reduced conditions (Dall'Agnol and Oliveira,
2007).

To the best of our knowledge, peraluminous A-type granites signifi-
cantly enriched in Al (ASI N 1.1; i.e., strongly peraluminous) have been
little discussed in the literature, although recently they have been
more widely reported (e.g., Dahlquist et al., 2010b, Dahlquist et al.,
2014, 2016; Feng et al., 2014; Shellnutt and Zhou, 2007; Sun et al.,
2011; Xia et al., 2012). Although the geochemistry, the source and the
resultant mineralogy of these rocks are diverse, they were all generated
in a dominantly extensional tectonic regime.

A general conclusion (e.g. Barker et al., 1975; Dahlquist et al., 2010a;
Eby, 1990) was that A-type magmas represent variable mixtures of
two end member sources: asthenospheric mantle and continental
crust. Variations in the mixing ratios lead to different subtypes of
A-type granite, so that strongly peraluminous A-type granites could be
mostly (or entirely) derived from a supracrustal source.

Recently, some authors (e.g., Dahlquist et al., 2015, 2016; Papoutsa
et al., 2015; Shellnutt and Zhou, 2007) have noted that metaluminous
to weakly peraluminous and strongly peraluminous A-type granitoids
can be emplaced contemporaneously. In the pre-Andean margin of
Gondwana (nowEastern Sierras Pampeanas) both strongly peraluminous
and metaluminous to weakly peraluminous A-type granites were syn-
chronously emplaced during the Early Carboniferous, ranging from 357
to 322 Ma (Dahlquist et al., 2016).

This study is a contribution to the understanding of the A-type
magmatism focusing on the strongly peraluminous A-type granites.
We present whole-rock chemistry data including major and trace
element, mineral compositions and Sm-Nd isotope data for granitic
rocks collected mainly from the eastern region of the Vinquis batholith
located in the foreland of the pre-Andean margin of Gondwana
(present-day Eastern Sierras Pampeanas of Argentina). In addition, a
LA-MC-ICP-MS U–Pb zircon crystallization age is reported here, estab-
lish an Early Carboniferous age for the emplacement of the studied
granitic rocks. Hf isotope data from dated magmatic zircon together
with whole-rock Sm-Nd data are used to constrain the source of the
parental magma. We use our data to assess the petrogenesis of this
strongly peraluminous A-type granite.

2. Geological setting

The proto-Andean margin of Gondwana is an accretionary margin/
orogen that has been active from at least the Early Ordovician to the
present (Cawood, 2005). This has led to the formation of different
plutonic rocks during the Palaeozoic (e.g., Dahlquist et al., 2013 and
references therein).

In particular, the Sierras Pampeanas of Argentina (Fig. 1) are a series
of mountainous ranges with a singular record of the magmatic activity
that developed in this accretionary margin of Gondwana because they
were strongly uplifted from Miocene times to the present (e.g., Jordan
and Allmendinger, 1986). This elevation process was the result of a
flat subduction event in an active margin setting (Ramos et al., 2002).

The Paleozoic igneous rocks were generated in four main magmatic
events: (a) Pampeanmagmatism (latest Neoproterozoic-mid Cambrian;
Iannizzotto et al., 2013; Rapela et al., 1998, 2007; Schwartz et al., 2008;
Sims et al., 1998), (b) Famatinian magmatism (early-mid Ordovician
Casquet et al., 2012; Dahlquist et al., 2008; Ducea et al., 2010;
Otamendi et al., 2012; Pankhurst et al., 1998, 2000; Rapela et al.,
2008a), (c) Achalian magmatism (mid-late Devonian; Dahlquist
et al., 2014; Dorais et al., 1997; Rapela et al., 2008b; Sims et al.,
1998; Siegesmund et al., 2004; Stuart-Smith et al., 1999), and
(d) Early Gondwana magmatism (early Carboniferous; Alasino et al.,
2012; Dahlquist et al., 2010a; Dahlquist et al., 2006, 2015, 2016;
Grosse et al., 2009).

Our understanding of the petrogenesis of the Carboniferous granites
in the Sierras Pampeanas has been improved in the last years
(e.g., Alasino et al., 2012; Dahlquist et al., 2010a, Dahlquist et al., 2013,
2015, 2016; Grosse et al., 2009; and references therein). Thus, the stud-
ies reveal that undeformed Early Carboniferousmetaluminous toweak-
ly peraluminous A-type granites were mostly emplaced at shallow
depth and are dominated by facies with K-feldspar megacrysts and
that affect host rocks only locally (Dahlquist et al., 2010a). They form
relatively small, isolated, subcircular plutons scattered throughout the
Eastern Sierras Pampeanas, without any obvious spatial arrangement
(Fig. 1).

In the studied region (central-northwestern Argentina, Fig. 1), Early
Carboniferous metaluminous to weakly peraluminous A-type granites
ranging in age from 322 to 357 Ma (Dahlquist et al., 2013) were
emplaced within the continent (now the Eastern Sierras Pampeanas),
away from an active platemargin (Alasino et al., 2012). Simultaneously,
calc-alkaline granites were emplaced to the west, in the present-day
Western Sierras Pampeanas and Cordillera Frontal (Dahlquist et al.,
2015 and references therein). Thus, a geological setting similar to that
postulated by Alasino et al. (2012, Fig. 12) is assumed here, including
synchronous calc-alkaline and retro-arc A-type magmatism. Recently,
Dahlquist et al. (2016) reported the presence of Early Carboniferous
(336 Ma) strongly peraluminous A-type granite in Sierras de Córdoba
(Fig. 1) and suggested that Early Carboniferous peraluminous and
metaluminous A-type plutons were synchronously emplaced in the
foreland pre-Andean margin of Gondwana.

The Early Carboniferous plutons were emplaced in metamorphic
and igneous rocks produced during the development of Pampean and
Famatinian orogenies. The Pampean orogeny has been associated with
a calc-alkaline subduction-related magmatism (Iannizzotto et al., 2013
and references therein) followed by continent–continent collision in
Early Cambrian time (Rapela et al., 2007 and reference therein) leading
to a coeval granulite facies metamorphism and S2 deformation. The
Famatinian orogeny is associated with an extended Early Middle Ordo-
vician magmatic arc (Dahlquist et al., 2013; Pankhurst et al., 1998),
where the magmas were emplaced at mid-crustal levels leading to the



Fig. 1. Schematic geological map of west-central Argentina (Sierras Pampeanas) and the location of the studied region. Main Devonian and Carboniferous A-type granites in Sierras
Pampeanas are located in themap. The red arrows indicating the participation of juvenile or continental material are applicable to the Carboniferousmagmatism. Abbreviations: Tucumán
(Tuc), La Rioja (LR), San Juan (SJ), Catamarca (Ca) and Córdoba (Cba). Main ranges: Sierra de Fiambala (FA), Sierra de Toro Negro (TN), Sierra de Umango (UM), Sierra de Ancasti (AN),
Sierras deMaz-Espinal (ME), Sierra Brava (SB), Sierra de Velasco (VEL), Sierra de Famatina (FA), Precordillera (PR), Sierras de Chepes (CH), Sierra de Valle Fértil (VF), Sierra de Pie de Palo
(PP), Sierra de Córdoba (SC) and Sierra de San Luis (SSL). Inset: rectangle defining study area displayed in Fig. 2.
(Modified from Alasino et al., 2012.)
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formation of metamorphic rocks in the upper-amphibolite- to
granulite-facies (Alasino et al., 2016; Otamendi et al., 2012). These Or-
dovician granites are typically affected by shear zones whereas the
Early Carboniferous granites truncate these shear zones without ever
being cut by them (e.g., Dahlquist et al., 2010a; Dahlquist et al., 2006;
Larrovere et al., 2016; Miller and Söllner, 2005).

The Sierra of Vinquis in the south-central part of Catamarca
province largely consists of a granitic batholith with an areal
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extent of approximately 360 km2. Various Early Carboniferous granitic
complexes or plutons also crop out in the region. Although the granites
of the Vinquis batholith were assumed Ordovician (e.g., Grosse et al.,
2011), we show that the graniteswere emplaced in the Early Carbonifer-
ous close to the Devonian-Carboniferous boundary.

3. Analytical methods

Numerous samples were collected mainly from the eastern, northern
and southern flanks of the Vinquis batholith along the full length of
~51 km. Sixteen samples were selected for petrographic investigation.
Fig. 2. Simplified geological map of Vinquis batholith showing the granitic facies recognized in
shown in the figure.
(Modified from Gonzalez Bonorino, 1972; Sosic, 1972; Höckenreiner et al., 2003; Toselli et al.,
Based on these results and our numerous field observations, we chose
representative samples: four for complete determination of mineral,
nine for whole-rock chemistry including major and trace elements,
three for Sm-Nd whole-rock isotope analyses and one for U–Pb and Lu-
Hf isotope analyses of magmatic zircon. Location of samples is shown
in Fig. 2.

Analyticalmethods for the determination ofmineral andwhole-rock
chemistry, whole-rock Sm-Nd isotopes, and U–Pb and Hf isotopes from
magmatic zircon are reported in Dahlquist et al. (2014, 2016) and
in electronic Appendix A. Full data of U–Pb age are given in electronic
Appendix C.
the present work. Samples with whole-rock and mineral chemistry, and isotopic data are

2014.)



Table 2
Representative composition of alkali feldspar in granites inVinquis batholith fromelectron
microprobe.

Facies 2 5 1

Sample Vin-6 Vin-20 Vin-34

Analysis number

Afs Afs Afs

Average n = 5 Average n = 3 Average n = 6

wt.%
SiO2 64.62 64.21 63.99
Al2O3 19.03 19.11 18.98
CaO 0.02 0.01 0.02
Na2O 1.20 1.23 0.83
K2O 14.69 14.66 15.31
P2O5 0.26 0.38 0.34
Total 99.83 99.60 99.46

% molar
Ab 11.1 11.3 7.7
An 0.1 0.1 0.1
Or 88.9 88.7 92.2
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4. Petrological characteristics of the Vinquis batholith

Many Early Carboniferous granites in the Sierras Pampeanas show
subcircular forms (e.g., Los Arboles pluton, San Blas pluton, Capilla del
Monte pluton, see Dahlquist et al., 2010a, Dahlquist et al., 2016). How-
ever, the Vinquis batholith is an elongate body with a major axis
of ~43 km long in a northeastern-direction. On the western flank of
the Sierra deVinquis amajor fault separates it from the Sierra de Zapata,
which is formed by metaluminous A-type granites with an age of
340 Ma (Dahlquist et al., 2010a; Dahlquist et al., 2013). Toselli et al.
(1992) divided the granites on either side of this fault, although more
field-work is required to confirm this. Therefore, the granites of western
flank appear in Fig. 2 as undifferentiated, and the relation between
eastern and western facies remains unknown.

4.1. Host rocks

Metamorphic and mylonitic rocks are scarce (Fig. 2) and they are
mostly observed as small scattered inliers in the recent sediments
of the eastern flank (Lazarte, 2013; Sosic, 1972; Toselli et al., 1992). A
larger outcrop (outside the study area) is located in the northern
end of the Vinquis batholith (Fig. 2). These rocks were described by
Lazarte (2013) as fine- to very fine-grained biotite schists and quartz-
biotite phyllites. They show penetrative foliation (N305°/70°SW), and
in some places a contact metamorphic overprint evident, leading to
the formation of hornfels. Small scattered outcrops of mylonitic and
protomylonitic rocks derived granitic protoliths as well as gneiss and
migmatites were observed in the eastern flank. The mylonitic bands
are clearly truncated by the Vinquis granites (Larrovere et al., 2016;
Miller and Söllner, 2005). Gneisses and migmatites of centimeric
grain-size occurring as xenoliths in the granite are of unknown age.

4.2. Granites

4.2.1. Petrographic data
The eastern flank of Vinquis batholith is largely dominated by two-

mica monzogranites. The magmatic mineral assemblage is Qz +
Afs+Pl+Bt+Mswith Ap+Zrn+Mnz± Ilm as accessories (mineral
abbreviations from Whitney and Evans, 2010). Oxides are scarce,
erratically distributed, and only observed in some thin sections.

On the basis of textural and mineral studies, five dominant litholo-
gies or facies are recognized in the easternflank of theVinquis batholith.
Their distribution from north to south is (Fig. 2): Facies 1: white
medium-grained porphyritic biotite-muscovite monzogranite, with
poikilitic microcline phenocrysts (1–4 cm) enclosed in a medium
Table 1
Representative composition of plagioclase in granites in Vinquis batholith from electron micro

Facies 2

Sample Vin-6

Analysis number

Pl a Pl b

Pl 5 core Pl 3 rim Pl 19 rim Pl 21 core

wt.%
SiO2 65.16 66.21 68.17 66.51
Al2O3 21.59 20.98 20.37 21.18
CaO 2.07 1.51 0.62 1.65
Na2O 10.33 10.70 11.54 10.95
K2O 0.25 0.18 0.18 0.19
P2O5 0.28 0.04 0.19 0.30
Total 99.69 99.61 101.07 100.79

% molar
Ab 88.7 91.9 96.2 91.3
An 9.8 7.1 2.9 7.6
Or 1.4 1.0 1.0 1.0
equigranularmatrix (1–4mm); Facies 2:medium-grained equigranular
two-mica monzogranite (1–5 mm), generally leucocratic, with the
occasional or erratic presence of garnet phenocrysts (1–3 mm); Facies 3:
coarse- to medium-grained porphyritic biotite-muscovite monzogranite
with Afs phenocrysts (2–5 cm) in an equigranular matrix with variable
grain-size (2–8 mm); Facies 4: gray fine-grained leucocratic two-mica
equigranular monzogranite occurring as minor intrusive bodies within
the porphyritic granite; Facies 5: coarse- to medium-grained (2–8 mm)
leucocratic inequigranular pink monzogranite with isolated Afs pheno-
crysts, muscovite N biotite and occasional tourmaline and sillimanite
(modal data are found in electronic Appendix B). Facies 3 is the dominant
facies in the Vinquis batholith (Fig. 2) and the observed contacts with
facies 4 and5are sharp. Similar sharp contacts for granitic facies emplaced
synchronously have been reported by Dahlquist et al. (2007).

Centimetrics tometrics enclaves of fine-grained granitic composition
with Afs phenocrysts are common in the Vinquis granites (mainly in
Facies 1 and Facies 3). Pegmatites (~70 cm wide) with the assemblage
Qz + Afs + Pl + Ms + Bt and Tur, Ap, Grt, Brl and Hem as accessory
minerals, were recognized. Tungsten ore occurring as wolframite-
bearing quartz veins or pegmatites emplaced in the porphyritic granite
(Facies 5) was reported by Ávila et al. (1999).

4.2.2. Mineral composition
The results of complete electron microprobe analyses of plagio-

clase and K-feldspar are listed in Tables 1 and 2. Representative K-
probe.

5 1

Vin-20 Vin-34

Pl Pl a Pl b

Average n = 7 Pl 16 core Pl 22 rim Pl 26 core Pl 28 rim

64.59 62.38 66.07 64.98 67.71
22.54 23.67 21.85 21.89 20.44
2.72 4.44 1.80 2.22 0.58
9.48 8.75 10.08 9.88 10.95
0.38 0.20 0.13 0.16 0.13
0.24 0.18 0.38 0.27 0.07
99.95 99.62 100.32 99.40 99.88

84.4 77.2 90.3 88.1 96.4
13.3 21.6 8.9 10.9 2.8
2.2 1.2 0.7 1.0 0.7



Table 3
Representative composition of biotite in granites in Vinquis batholith from electron
microprobe.

Facies 2 5 1

Sample VIN-6 VIN-20 VIN-34

Analysis number

Bt Bt Bt

Average n = 4 Average n = 4 Average n = 4

wt.%
SiO2 36.25 35.37 35.87
TiO2 2.39 2.32 2.91
Al2O3 19.48 19.74 18.75
Cr2O3 0.02 bdl bdl
FeO 21.31 23.49 21.75
MnO 0.56 0.94 0.58
MgO 6.50 4.94 7.23
ZnO 0.11 bdl bdl
CaO bdl bdl bdl
Na2O 0.09 0.13 0.11
K2O 9.36 9.26 9.40
F 1.29 1.27 0.85
Cl 0.01 0.09 0.05
Total 97.38 97.61 97.58
O_F_Cl 0.55 0.56 0.37
CTotal 96.84 97.06 97.22
IVAl 2.74 2.81 2.80
[Fe2+/(Fe2+ + Mg)] 0.65 0.73 0.63

Table 5
Representative composition of apatite in granites in Vinquis batholith from electron
microprobe.

Facies 2 5 1

Sample VIN-2 VIN-20 VIN-34

Analysis number

Ap Ap Ap

Average n = 2 Average n = 2 Average n = 2

wt.%
P2O5 40.34 38.92 39.89
FeO 0.72 0.38 0.21
MnO 3.15 2.39 0.54
MgO 0.04 0.02 0.04
CaO 51.84 52.24 54.07
Na2O 0.08 0.15 0.06
K2O 0.01 bdl bdl
F 3.59 4.68 4.83
Cl 0.04 0.06 0.01
Y2O3 bdl 0.32 0.18
Total 99.80 99.15 99.81

bdl = below detection limit.
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feldspar compositions range from Or89 to Or92; those of plagioclase
from An22 to An3.

The biotite of the Vinquis granites has high siderophyllite–eastonite
contents with Fe2+/(Fe2+ + Mg) ranging from 0.61 to 0.74 and AlIV

from 2.66 to 2.83 a.p.f.u. (Table 3). It also has high and distinctive F
contents (average F = 1.17%, Table 3) similar to those of biotite in
the Early Carboniferous A-type granites and Late Devonian strongly
peraluminous A-type granites of the Sierras Pampeanas (Dahlquist
et al., 2010a; Dahlquist et al., 2014; Dorais et al., 1997).

White mica is the other sheet silicate present in the Vinquis batho-
lith. Petrographic observations using the criteria of Miller et al. (1981)
suggest that both primary and secondary muscovite types are present.
Complete electron microprobe analyses for the muscovite are listed
Table 4
Representative composition of muscovite in granites in Vinquis batholith from electron
microprobe.

Facies 2 5 1

Sample VIN-6 VIN-20 VIN-34

Analysis number

Ms Ms Ms

Average n = 4 Average n = 4 Average n = 2

wt.%
SiO2 46.01 45.95 46.23
TiO2 0.87 0.66 0.85
Al2O3 34.03 34.02 34.45
Cr2O3 0.00 0.00 0.00
FeO 2.00 2.85 1.98
MnO 0.03 0.07 0.03
MgO 0.84 0.76 0.78
ZnO 0.02 bdl bdl
CaO bdl bdl bdl
Na2O 0.49 0.56 0.49
K2O 10.28 10.33 10.34
F 0.49 0.72 0.29
Cl bdl bdl bdl
Total 95.07 95.96 95.51
O_F_Cl 0.21 0.31 0.12
CTotal 94.86 95.66 95.39
in Table 4. Muscovite occurring as subhedral to euhedral medium-
grained unaltered single crystals, is assumed to be primary; its chemical
composition falls in the appropriate field of the Mg–Ti–Na diagram
(figure not shown) according to the subdivision of Miller et al. (1981),
similar to magmatic muscovite coexisting with aluminous minerals
(e.g., Alasino et al., 2010; Clarke et al., 2005; Dahlquist et al., 2005,
2007 and references therein). Thus, both textural and chemical evi-
dence indicates a primary origin for some of the muscovite of the
Vinquis batholith.

The apatite is fluorapatite (F= 4.9% to 3.31%, Table 5). Systemat-
ic electron-microprobe analysis in thin sections (including Zr and
LREE data) indicates the presence of two radioactive minerals, zir-
con and monazite, and the presence of two oxides, ilmenite and
rutile.

Phenocrysts of garnet form roughly hexagonal euhedral to sub-
hedral sections, with diameters between 1 and 3 mm and few or no
Table 6
Representative composition of garnet in granites in Facies 2 of Vinquis batholith from
electron microprobe.

Sample VIN-2 (Facies 2)

Mineral Grt central area Grt central area Grt margin area Grt margin area

Analysis
location

42 37 35 34

Circle 16

wt.%
SiO2 36.11 35.64 36.05 35.89
TiO2 bdl bdl bdl bdl
Al2O3 21.88 21.96 21.88 21.90
FeO 25.36 25.47 27.27 26.78
MnO 17.83 17.19 14.97 15.86
MgO 0.73 0.78 0.92 0.92
CaO 0.36 0.33 0.30 0.29
Na2O bdl bdl bdl bdl
Total 102.27 101.36 101.39 101.62

End-members calculated following Deer et al. (1992)
Pyrope 2.865 3.092 3.696 3.638
Almandine 56.131 57.001 61.333 59.722
Spessartine 39.974 38.971 34.107 35.826
Grossular 1.03 0.935 0.864 0.814
Andradite 0 0 0 0
Alm + Sps 96.105 95.972 95.44 95.548

In those cases where the Total is low the total iron is expressed as ferric iron.
Bdl: below detection limit.



Table 7
Major element (in %) and trace element (in ppm) concentrations of the Vinquis granites.

Rock Facies 1 Facies 2 Facies 2 Facies 3 Facies 3 Facies 4 Facies 5 Facies 5 Felsic enclave in Facies 1
Latitude (S) 27°55′46.1″ 27°58′44.9″ 27°58′47.2″ 28°06′29.7″ 28°06′39.3″ 28°06′29.7″ 28°16′44.0″ 28°15′43.9″ 27°55′38.9″
Longitude (W) 67°15′04.7″ 67°13′53.3″ 67°13′32.2″ 67°13′44.7″ 67°13′12.1″ 67°13′44.7″ 67°20′19.6″ 67°17′22.2″ 67°14′31.7″
Samples VIN-33 VIN-1 VIN-5 VIN-13 VIN-15 VIN-12 VIN-18 VIN-20 VIN-34

Element
SiO2 71.52 72.46 72.92 71.60 72.59 72.37 73.97 74.83 72.10
TiO2 0.31 0.19 0.19 0.43 0.25 0.29 0.16 0.10 0.28
Al2O3 14.74 14.53 14.67 13.98 14.75 14.29 14.02 14.09 14.75
FeO* 2.20 1.31 1.31 2.36 1.56 1.87 1.29 0.76 1.89
MnO 0.04 0.05 0.05 0.05 0.04 0.03 0.07 0.02 0.04
MgO 0.69 0.37 0.33 0.71 0.46 0.49 0.23 0.13 0.58
CaO 0.84 0.73 0.69 1.40 0.73 0.86 0.66 0.54 0.82
Na2O 2.99 3.15 3.46 3.10 3.08 2.60 3.13 3.09 3.06
K2O 5.15 5.03 4.85 4.55 5.42 5.82 4.76 5.26 5.13
P2O5 0.29 0.34 0.36 0.31 0.31 0.37 0.33 0.23 0.32
LOI 0.84 0.92 0.91 0.96 0.89 1.02 0.85 0.91 0.80
TOTAL 98.78 98.17 98.82 98.50 99.17 98.99 98.61 99.04 98.97
XFe 0.76 0.78 0.80 0.77 0.77 0.79 0.85 0.85 0.77
K2O + Na2O 8.15 8.18 8.31 7.65 8.49 8.42 7.89 8.35 8.19
K2O/Na2O 1.72 1.60 1.40 1.47 1.76 2.24 1.52 1.70 1.68
ASII 1.23 1.22 1.20 1.11 1.20 1.18 1.22 1.20 1.22
ASIII 1.30 1.30 1.29 1.18 1.28 1.27 1.31 1.26 1.30
AI 0.71 0.73 0.75 0.72 0.74 0.74 0.73 0.77 0.72

ppm
Cs 15.42 20.56 13.60 5.88 17.10 6.87 27.63 30.30 18.09
Rb 338.99 387.70 407.41 282.32 350.45 320.88 447.24 327.40 343.88
Sr 70.08 45.81 36.91 116.25 61.19 70.48 26.83 29.17 67.62
Ba 321.61 160.32 135.87 355.71 242.10 272.58 82.00 50.47 275.22
La 35.09 16.90 16.23 46.87 22.03 30.27 13.41 6.83 29.62
Ce 74.73 37.79 36.47 103.11 48.65 68.16 29.87 15.28 64.68
Pr 8.95 4.66 4.48 12.41 5.98 8.35 3.65 1.91 7.82
Nd 32.76 17.33 16.67 46.61 22.28 30.88 13.46 7.06 28.99
Sm 7.31 4.37 4.12 9.39 5.13 7.44 3.43 1.79 6.96
Eu 0.87 0.50 0.44 1.13 0.69 0.74 0.38 0.28 0.78
Gd 5.59 3.77 3.44 6.74 4.05 6.14 3.19 1.63 5.39
Tb 0.80 0.64 0.60 0.97 0.62 1.02 0.63 0.31 0.84
Dy 3.93 3.36 2.92 5.00 3.21 5.42 3.77 1.91 4.06
Ho 0.63 0.52 0.47 0.90 0.55 0.92 0.68 0.36 0.64
Er 1.48 1.17 1.07 2.20 1.35 2.15 1.83 1.00 1.51
Tm 0.20 0.15 0.15 0.28 0.19 0.29 0.28 0.15 0.20
Yb 1.19 0.82 0.89 1.62 1.12 1.74 1.76 0.95 1.20
Lu 0.17 0.11 0.12 0.24 0.17 0.25 0.26 0.14 0.17
U 4.75 3.27 2.88 4.33 2.57 4.31 6.60 4.47 4.25
Th 19.71 11.28 11.00 31.79 14.14 20.73 9.58 6.07 17.51
Y 17.15 14.59 12.99 23.02 14.92 25.05 19.60 10.79 17.83
Nb 18.22 16.85 24.02 21.55 16.35 19.95 26.01 11.53 17.88
Zr 140.96 86.70 81.01 180.63 105.07 145.54 70.58 37.24 132.05
Hf 4.24 2.79 2.63 5.11 3.13 4.32 2.43 1.45 3.98
Ta 2.08 3.54 3.41 2.48 2.07 1.61 4.02 2.16 2.60
Ni 3.50 4.23 3.12 4.40 4.74 3.02 2.32 0.81 2.40
Cr 12.20 7.26 6.35 7.20 9.17 7.16 6.45 5.44 10.00
Sc 4.46 3.02 3.83 5.40 4.64 3.73 5.04 2.82 4.25
V 28.50 14.82 12.50 36.20 26.11 20.36 12.00 8.77 23.80
Ga 22.10 21.97 22.68 20.90 21.47 19.86 23.99 19.35 22.90
Cu 1.60 2.32 9.37 3.60 2.92 1.21 1.51 6.85 5.20
Zn 78.90 60.38 65.62 67.70 63.30 62.19 46.57 28.63 73.20
Pb 31.20 28.83 25.10 27.40 30.95 34.27 23.49 28.63 30.30
Al 78,011 76,900 77,641 73,989 78,064 75,630 74,201 74,571 78,064
ΣREE 174 92 88 237 116 164 77 40 153
(La/Yb)N 19.64 13.77 12.18 19.31 13.13 11.61 5.09 4.81 16.45
(Eu/Eu*)N 0.42 0.38 0.36 0.44 0.47 0.34 0.36 0.51 0.39
10,000× Ga/Al 2.83 2.86 2.92 2.82 2.75 2.63 3.23 2.59 2.93
Zr + Nb + Ce + Y 251.07 155.94 154.49 328.32 184.99 258.69 146.06 74.84 232.44
M 1.20 1.19 1.21 1.32 1.22 1.24 1.17 1.18 1.20
TZr 789 749 743 803 763 790 735 685 784

Explanation: Total iron as FeO; major element oxides in wt.%, trace elements in ppm. XFe = FeO/(FeO+MgO). TZr (°C) was calculated followingMiller et al. (2003) and Dahlquist et al.
(2010a). Geothermometer was calibrated for M= 0.9 to 1.7. All granitic rocks are monzogranites according to the G1-G2-G3+ G4multicationic classification (homologous to the modal
classification of Streckeisen, 1976) of de La Roche (1992). ASII by Shand (1927) = Al2O3/[(CaO + Na2O + K2O] (mol.). ASIII by Zen (1986) = All ASI values calculated using CaOcorr.
CaOcorr = All CaO values assuming all P2O5 is in apatite, CaOcorr = CaO (% mol.) − 3.33 × P2O5 (% mol.).
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apatite inclusions. The garnet is largely a solid solution of almandine
and spessartine, which constitutes 95–96% of the total composition
(Table 6): pyrope and grossular together make up the remainder.
Both textural and chemical data indicate a primary origin for the garnet
as was largely discussed by Dahlquist et al. (2007 and references
therein).



Fig. 3. SiO2 vs. Na2O + K2O, wt.% variation diagram for the Vinquis batholith granitic
samples. The gray and pale orange fields represent Early Carboniferous metaluminous to
weakly peraluminous A-type granites and strongly peraluminous A-type Late Devonian
and Early Carboniferous granitic samples in the Sierras Pampeanas, respectively. The
alkaline/subalkaline curve is after Miyashiro (1978).
(Data from Dahlquist et al., 2010a; Dahlquist et al., 2010b, 2014, 2016.)

Fig. 5. Alumina saturation index (ASI) in the studied granitic rocks. The samples range in
ASI (using the formulation of Zen (1986) = 1.18–1.31, with relatively low values for the
ASI index. Boundary ASI = 1 from Shand (1927), ASI = 1.1 from Chappell and White
(1992). The gray and pale orange fields are those showed in Fig. 3.
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5. Whole-rock compositions

5.1. Major elements

All the granitic rocks of Vinquis batholith are monzogranites with
SiO2 contents in a restricted range from 71.5% to 74.8% (Table 7). In
the alkalis vs. silica classification diagram of Wilson (1989), they plot
at the silica-rich end close to the limit between alkali and subalkaline
granitic field. They also plot mainly within the field of Carboniferous
Fig. 4. Studied granites plotted on the classification diagrams of Frost et al. (2001):
(a) Na2O + K2O − CaO vs. SiO2, wt.% and (b) FeOt/(FeOt + MgO) vs. SiO2, wt.%. The
A-type granite field is after Frost et al. (2001). Abbreviation: SP = Sierras Pampeanas.
metaluminous to weakly peraluminous A-type granites in the Sierras
Pampeanas (Fig. 3).

These monzogranites are poor in Ca (0.54–1.4% CaO) and rich in
FeOt, with high FeOt/(FeOt + MgO) values ranging from 0.77 to 0.86
(average = 0.80), where the southern facies shows the highest values
(Table 7). They are also enriched in MgO relative to Ti (MgO/TiO2N

1.2) and moderately enriched in total alkalis (8.18 wt% average), with
high K2O contents relative to Na2O (K2O/Na2O = 1.40–2.24). As with
other peraluminous A-type granites in the Sierras Pampeanas and
worldwide, these granitic rocks follow the alkali-calcic trends in the
Na2O+K2O–CaO vs. SiO2 diagrams of Frost et al. (2001) (Fig. 4a). In
the FeOt/(FeOt+MgO) vs. SiO2 diagrams of Frost et al. (2001) the most
samples plot in the magnesian field although near to the magnesian –
ferroan boundary (Fig. 4b).

The Vinquis granites are strongly peraluminous, with ASI (molar
ratio of (Al2O3/[CaO+Na2O+K2O]) according to Shand, 1927) ranging
from 1.11 to 1.23. The calculated ASI using the formulation of Zen
(1986) is slightly higher (ASI = 1.18–1.31) because the P2O5 content
is combined with the CaO (Fig. 5). Both values are included in Table 7.
The high P2O5 content (0.23–0.37%) is a distinctive feature, close to
values recently reported for Paleozoic F-rich peraluminous A-type gran-
ites in the Sierras Pampeanas (e.g., the Achala batholith and Capilla del
Monte pluton in the Sierras de Córdoba and the El Pilón stock in Sierra
Brava, Dahlquist et al., 2010b, 2014, 2016).

5.2. Trace elements and REE

The granites of the Vinquis batholith have low to medium abun-
dance of rare-earth elements (REE, 40–237 ppm). All granitic facies
show significant negative Eu anomalies (Eu/Eu* = 0.34–0.51). Two
distinctive chondrite-normalized REE patterns are observed (Fig. 6a).
The granitic facies of the central and northern region show a relative
increase of LREE with respect to the southern facies ([La/Yb]N =
11.6–19.6 and 4.8–5.1, respectively).

Primitive-mantle normalized spider diagrams show marked nega-
tive Ba, Nb, Sr, Eu and Ti anomalies and significant enrichment in Cs,
Rb, and moderate enrichment of Th, U (Fig. 6b). The P content is higher
when is compared with that reported for Carboniferous metaluminous
A-type granites of the Sierras Pampeanas (Fig. 6b). Fig. 7 shows the
trends defined by some trace elements as a function of mafic content.
The Vinquis granites show well-defined positive correlations of Th,
LREE, Zr and Hf contents with FeOt + MgO (see Section 7.3).

The Vinquis granites are characterized by high Ga/Al values, with
10,000 × Ga/Al values ranging from 2.59 to 3.23 (Table 7). These values
are similar to other typical A-type granites with values N2.6 (Whalen
et al., 1987). The granites have medium to low contents of high field-



Fig. 6. (a) Chondrite-normalized (Boynton, 1984) REE plots for granites of the Vinquis
batholith. The granite rocks of the Vinquis batholith have REE patterns similar to those
reported for metaluminous to weakly peraluminous Carboniferous A-type granites
(Dahlquist et al., 2010a) although the former are impoverished in HREE. REE patterns of
the strongly peraluminous Paleozoic A-type granite of Sierras Pampeanas (Dahlquist
et al., 2014, 2016) are similar to those REE pattern for the granites of the Vinquis
batholith. (b) Primitive mantle-normalized (Sun and McDonough, 1989) spider
diagrams. The granitic rocks of the Vinquis batholith and strongly peraluminous
Paleozoic A-type granites have similar compositions to those reported for Carboniferous
metaluminous to weakly peraluminous A-type granites of the Sierras Pampeanas (see
Dahlquist et al., 2010a), although the former are significantly enriched in P.

Fig. 7.Whole-rock TiO2 vs (FeOt+MgO), (a) and La+Ce+Zr+Hf+Th vs. FeOt+MgO,
(b) for eight granite samples for theVinquis batholith. Regression lines are projected in the
figures.
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strength elements (HFSE) such as Zr (37–181 ppm), Y (11–25 ppm), Nb
(12–26) and Ce (15–103). Total Zr + Nb+ Ce+ Y contents range from
75 to 328 ppm – lower than reported for typical A-type granites
(N350 ppm, Whalen et al., 1987) and also lower than those reported
by Dahlquist et al. (2010a) for Early Carboniferous metaluminous to
weakly peraluminous A-type granites of the Sierras Pampeanas (average,
Zr + Nb + Ce + Y = 414 ppm).
6. Geochronological and isotopic data for the Vinquis batholith

6.1. U–Pb LA-MC-ICP-MS zircon age

The combined SEM-CL and optical images reveal that the zircon
grains separated from VIN-1 (Facies 2 of Vinquis batholith) are mostly
elongate prismatic with oscillatory zoning and subhedral to euhedral
terminations, in some cases developed over a distinct core (Fig. 8a and
Table 8).

One group of analyses, mostly located in the outer oscillatory zoning,
gave consistent 206Pb/238U ages varying from 334 Ma to 369 Ma (see
Table 8). Nine data points yield a Tera-Wasserburg Concordia age
(Ludwig, 2003) of 355 ± 7 Ma (2σ confidence limits, allowing for the
uncertainty in U/Pb calibration), which is considered the best estimate
for the crystallization of the host monzogranite (Fig. 8b). This age
essentially overlaps the Devonian–Carboniferous boundary (358.9 ±
0.4 Ma, IUGS stratigraphic chart, 2015, http://www.stratigraphy.org/
index.php/ics-chart-timescale). Other analyses, mostly located in the
core zones, reveal inherited zircon ages concentrated at Cambrian
(n = 4) and Ordovician (n = 5) times (Fig. 8a). One grain yielded a
Mesoproterozoic inheritance zircon age.
6.2. Hf isotope data

The magmatic zircon has variable εHf,t values (t = 355 Ma, time
of crystallization), ranging from −9.5 to −1.5, although mostly in the
range−6.8 to−4.9 (Table 9 and Fig. 9); and there is aMesoproterozoic
average TDM of 1.69 Ga (Table 9).

The inherited Cambrian and Ordovician zircon has negative εHf,t
(ranging from −1.2 to −5.7 at time of crystallization) with a similar
average TDM (1.56 Ga; Table 9). Notably, at the time the granite crystal-
lized (t = 355 Ma), εHf,t values from the inherited zircons would have
been comparable to those of the zircons that crystallized at that time
(εHf,t = −4.1 to−6.7).
6.3. Sm-Nd isotope data

Three samples from theVinquis batholithwere analyzed for their Nd
isotopic composition. All samples have roughly similar 147Sm/144Nd
(0.135–0.153) and 143Nd/144Nd (0.51212–0.51222) ratios. Epsilon Nd
values (ƐNdt) calculated to 355 Ma (Table 10) are strongly negative,
ranging from −6.1 to −7.8 (average = −7.1). The Nd model
ages were calculated through a two-stage model following De Paolo
et al. (1991), which is appropriate for granitic rocks derived by the
partial melting of old continental lithosphere characterized by high
147Sm/144Nd ratios (Milisenda et al., 1994). The TDM are between
1.59 Ga and 1.71 Ga, i.e., Mesoproterozoic (Table 10).

http://www.stratigraphy.org/index.php/ics-chart-timescale
http://www.stratigraphy.org/index.php/ics-chart-timescale


Fig. 8.U–Pb LA-MC-ICP-MS zircon dating of sample VIN-1 (Facies 2) from the northeastern of the Vinquis batholith, (a). Inherited core zircon ages are also shown (orange color). Themain
Tera-Wasserburg plot showsmost analyses plotting between 334 and 369Ma, and the inset shows a Concordia age calculation of 355±7Ma, (b). Selected zircon images are also included.
Data are reported in Table 8.

Table 8
LA-ICP-MS zircon U–Pb analytical results from VIN-1, of Vinquis batholith.

Ratios Ages (Ga)

Grain GCh SS Spot 238U/206Pb 1 s 207Pb/206Pb 1 s 206Pb/238U 1 s 207Pb/206Pb 1 s

VIN-1 e,p,hd 23.1 18.7949 0.5667 0.0542 0.0017 0.334 0.01 0.38 0.072
VIN-1 e,p,hb 22.1 18.2964 0.6505 0.0537 0.0024 0.343 0.012 0.358 0.095
VIN-1 e,p,osc 21.1 18.2149 0.683 0.0502 0.0031 0.345 0.013 0.206 0.132
VIN-1 e,p,osc 24.1 17.8875 0.6431 0.0544 0.0029 0.351 0.012 0.387 0.127
VIN-1 c,p,osc 17.1 17.7698 0.5827 0.0535 0.0024 0.353 0.011 0.348 0.101
VIN-1 c,p,osc 2.1 17.6078 0.5004 0.056 0.0023 0.356 0.01 0.451 0.091
VIN-1 e,p,osc 3.1 17.4647 0.4592 0.0538 0.0016 0.359 0.009 0.362 0.066
VIN-1 c,p,hd 16.1 17.0023 0.5097 0.0551 0.0023 0.368 0.011 0.418 0.091
VIN-1 e,p,osc 4.1 16.9517 0.4701 0.0562 0.0019 0.369 0.01 0.462 0.077
VIN-1 (inh-age) m,p,osc 18.1 14.0772 0.4764 0.055 0.0029 0.442 0.015 0.414 0.119
VIN-1 (inh-age) m,p,osc 6.1 13.71 0.3976 0.0558 0.0024 0.454 0.013 0.444 0.098
VIN-1 (inh-age) c,p,osc 8.1 13.2159 0.3633 0.0571 0.002 0.47 0.012 0.495 0.077
VIN-1 (inh-age) c,p,ic 12.1 13.1778 0.3771 0.0549 0.0027 0.472 0.013 0.409 0.11
VIN-1 (inh-age) c,p,osc 14.1 13.0453 0.4687 0.0561 0.0031 0.476 0.017 0.456 0.124
VIN-1 (inh-age) c,p,osc 1.1 11.7895 0.4166 0.0573 0.0043 0.525 0.018 0.503 0.153
VIN-1 (inh-age) m,fr,hd 13.1 11.3205 0.4112 0.0546 0.0033 0.546 0.019 0.397 0.13
VIN-1 (inh-age) c,p,hb 7.1 11.2199 0.3687 0.0559 0.0037 0.55 0.017 0.447 0.147
VIN-1 (inh-age) e,p,osc 20.1 10.8045 0.3304 0.0588 0.0026 0.571 0.017 0.561 0.103
VIN-1 (inh-age) c,p,osc 9.1 3.9714 0.0997 0.1153 0.0029 1.448 0.033 1.885 0.046

238U/206Pb and 207Pb/206Pb ratios corrected for static fractionation using GJ 1.
Measurement errors represent within-run uncertainty only. All data points on magmatic zircons were used in calculated concordia age.
Grain characteristics (GCh) and site of the spot (SS): Site of the spot: e = end or edge. Habit of the grain: p = prism, fr = fragmented. CL images: osc = oscillatory zoning.
inh-age = inheritance age.
Location of sample is: 27° 58′ 44.9″–67° 13′ 53.3″.

Table 9
Laser ablation Hf isotope data for igneous dated zircons from sample VIN-1, Vinquis batholith.

Grain Spot 176Hf/177Hf ±2 σ 176Lu/177Hf ±2 σ U–Pb age
(t) Ma

εHf
(t)

TDM
(Ma)

VIN-1 2.1 0.282299 0.000058 0.001734 0.000093 355 −9.33 1894
VIN-1 3.1 0.282415 0.000065 0.001816 0.000074 355 −5.24 1637
VIN-1 4.1 0.282381 0.000048 0.002191 0.000083 355 −6.51 1717
VIN-1 16.1 0.282425 0.000027 0.001880 0.000105 355 −4.89 1614
VIN-1 17.1 0.282415 0.000049 0.003084 0.000131 355 −5.53 1655
VIN-1 21.1 0.282410 0.000024 0.001761 0.000006 355 −5.38 1646
VIN-1 22.1 0.282291 0.000055 0.001186 0.000090 355 −9.49 1904
VIN-1 23.1 0.282370 0.000031 0.001641 0.000033 355 −6.80 1735
VIN-1 24.1 0.282524 0.000077 0.002329 0.000050 355 −1.51 1401
VIN-1 (inh) 1.1 0.282443 0.000035 0.002036 0.000057 503 −1.23 1497
VIN-1 (inh) 8.1 0.282446 0.000044 0.003380 0.000046 495 −1.74 1523
VIN-1 (inh) 6.1 0.282452 0.000037 0.002649 0.000023 444 −2.33 1520
VIN-1 (inh) 14.1 0.282435 0.000029 0.001887 0.000007 456 −2.44 1537
VIN-1 (inh) 12.1 0.282376 0.000028 0.002242 0.000040 409 −5.66 1700

Laser operating conditions: GJ1 - 6 mJ ou 8.55 J/cm2 (100%), 7 Hz, spot = 47 μm, He (MCF1) = 0.25 L/min, (MCF2) = 0.5 L/min, N2 = 1.2 mL/min, 50 ciclos, AR80 = 30 V.
t = crystallization age of the VIN-1, T = model age.
176Hf/177HfCHUR(t) = 0.282548.
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Fig. 9. Age versus εHft values for Early Carboniferous zircon hosted in VIN-1 granite,
showing both measured and initial epsilon Hf values as function of crystallization age.

Fig. 10. Mineral composition for biotites crystallized from different granitic rocks
(modified from Dahlquist et al., 2014). (a) FeO vs. MgO biotite discriminant diagram
after Abdel Rahman (1994): biotite in anorogenic alkaline suites (A field), biotite in
peraluminous granites (P field), and biotite in metaluminous calc-alkaline granite suites
(C field). (b) Fe2+/(Fe2+ + Mg) vs. F wt.%. Dashed line represents a rough boundary for
biotite crystallized from A-type granites in dominant reduced and oxidized conditions,
respectively. The chemical data of biotite are from Dahlquist et al. (2010a), Dahlquist
et al. (2014) and Dall'Agnol et al. (1999c, 2005). Abbreviation: SP = Sierras Pampeanas.
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7. Discussion: genesis of the Vinquis batholith

7.1. Biotite chemistry as indicator of their parental magmas

Various studies (e.g., Abdel Rahman, 1994; Dahlquist et al., 2010a;
Dahlquist et al., 2014, 2016; Shabani et al., 2003) demonstrate that the
composition of igneous biotite reflects the nature of their parental
magmas. In particular, Dahlquist et al. (2014) show that plots of FeOt

vs MgO and Fe2+/(Fe2+ + Mg) vs F may be useful to identify biotite in
Paleozoic Sierras Pampeanas granites formed in different geodynamic
settings. Biotite from the Vinquis batholith has a similar composition to
that in the LateDevonian strongly peraluminous A-type graniticmagmas
(Fig. 10), but differs from that of biotite in the Early Carboniferous
metaluminous to weakly peraluminous A-type granitic magmas. In gen-
eral, biotite in the former, and in theVinquis batholith, has relatively high
FeOt/MgO values (average fromVinquis granites=3.34), but lower than
in the Early Carboniferous biotite (average = 18.24), which also has
relatively high and variable F content (Fig. 10a, b). The highest F content
is observed in biotite in the strongly peraluminous A-type Late Devonian
granites, the Vinquis batholith and some metaluminous Early Carbonif-
erous A-type granites of Sierras Pampeanas (Fig. 10b).

Biotite fromOrdovician strongly peraluminous granites (ASI ranging
from 1.61 to 1.95, data from Dahlquist et al., 2005) in the Sierras
Pampeanas, such as the Tuaní granite, is moderately enriched in Mg,
with FeOt/MgO = 1.64 and plots in the field of peraluminous biotite
close to that of biotite from calc-alkaline granites (Fig. 10a). Biotite
from both Ordovician metaluminous calc-alkaline and Tuaní granite
has lower FeOt/MgO and F contents than those of the Devonian/
Carboniferous biotite (Fig. 10a, b).

Anderson and Morrison (2005) and Dall'Agnol and Oliveira (2007)
have shown that the Fe2+/(Fe2+ + Mg) values of biotite are differ-
ent for oxidized and reduced A-type granites, respectively. Three
Table 10
Sm–Nd isotopic compositions for the granites of the Vinquis batholith.

Sample Rock type Sm ppm Nd ppm 147Sm/144Nd

VIN-1 EG, Facies 2 2.524 10.431 0.1463
VIN-15 PG, Facies 3 3.296 14.711 0.1354
VIN-18 PG, Facies 3 1.809 7.14 0.1532

PG= porphyritic granite, EG = equigranular granite.
t = 355 Ma, TDM* after De Paolo et al. (1991).
Paleoproterozoic A-type granitic suites that evolved in varying fO2 con-
ditions in the Carajás province of the eastern Amazonian craton (Brazil)
were studied by Dall'Agnol et al. (2005) and Dall'Agnol and Oliveira
(2007). Of these, the Jamon A-type granites crystallized in relatively ox-
idizing conditions and the biotite has Fe2+/(Fe2++Mg) ratios between
0.6 to 0.7, close to the values observed in the biotite of the Vinquis bath-
olith (0.63–0.73). Conversely, biotite from the Velho Guilherme and
Serra dos Carajás suites that evolved under reducing conditions has
higher Fe2+/(Fe2+ + Mg) ratios ranging from 0.75 to 0.95, similar
to the of biotite from metaluminous to weakly peraluminous A-type
granites in the Sierras Pampeanas (0.81 to 0.98, Fig. 10b).
143Nd/144Nd (143Nd/144Nd)t εNdt TDM* (Ga)

0.512121 0.511778 −7.81 1.71
0.512117 0.511800 −7.39 1.68
0.512224 0.511865 −6.11 1.59



Fig. 11. (a) Ba vs. Eu and (b) Sr vs. Eu. Linear trends for eight granitic samples of the
Vinquis batholith indicate that K-feldspar (Kfs) and plagioclase (Pl) crystallize in an
approximately 50:50 ratio. The partition coefficient data for minerals in equilibrium
with granitic liquids are from Dahlquist et al. (2014). The crystallization percentage for
Kfs and Pl is indicated in the figure. Co = Initial concentration, F = weight fraction of
remaining melt.
(Modified from Dahlquist et al., 2014.)
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It is important to note that biotite which crystallized from strongly
peraluminous magmas (orogenic or S-type granites) can have similar
FeOt/MgO values and AlIV content (e.g., Abdel Rahman, 1994; Clarke
et al., 2005; Dahlquist et al., 2005, 2007 and references therein) to that
of biotite in strongly peraluminous A-type granites. Therefore, biotite
compositions should be interpreted in combination with other data
(e.g., whole-rock compositions). The biotite compositions reported
here are strongly consistent with the whole-rock chemistry discussed
in Section 7.4.

7.2. Geochronological constraints and source of the granitic magmas

The geochronological data reported in Section 6 indicate that the
granites of the Vinquis batholithwere emplaced at 355±7Ma, overlap-
ping the Devonian-Carboniferous boundary (t = 358.9 Ma). This new
data and our previous geochronological data (see Section 2) indicate
that metaluminous and peraluminous A-type plutons were mainly
emplaced synchronously in the foreland region.

Inherited zircon ages reported above show major Early Ordovician
and Early Cambrian composite peaks, which correspond to the previous
magmatic episodes of the Famatinian and Pampean orogenies (Fig. 8a).
These data strongly suggests a dominant local metasedimentary
protolith (from a constrained basin receiving weathered material from
Pampean and Famatinian rocks) for the Vinquis granites. The Vinquis
granites have marked negative εNd,t (−6.1 to −7.8) and zircon εHf,t
values (−9.5 to −1.5), which are consistent with an origin involving
crustalmelting. Similar interpretationswere reported for other strongly
peraluminous A-type granites in the Sierras Pampeanas (e.g., the Achala
batholith and Capilla del Monte pluton, Dahlquist et al., 2014, 2016).

Magmatic zircon grains in granites may display considerable ranges
in εHf,t (particularly in peraluminous granites), with variations spanning
up to 10εunits (e.g., Chen et al., 2015;Dahlquist et al., 2013; Farina et al.,
2014; Kemp et al., 2007), i.e., about one order ofmagnitude greater than
the commonuncertainty on εHf,t determination. Such εHf,t variability has
been the subject of intense and controversial discussion in these last
years (e.g., Chen et al., 2015; Farina et al., 2014; Kemp et al., 2007;
Villaros et al., 2012). In particular, the U–Pb and Hf isotopic analyses
of zircon grains in granites with metasedimentary source revealed
that the highly variable εHf,t values may be source-inherited, reflecting
mixing of a range of crustal materials of different ages and original iso-
topic signatures (Villaros et al., 2012). Farina et al. (2014) gave some
new insight into the process responsible for Hf isotope variability in
zircons from S-type granites. They suggested that the dissolution rate,
size and distribution of zircon crystals and the crystallization rate
of magmas are the important parameters controlling the Hf isotope
composition of newly grown magmatic zircons. In other words, the Hf
isotope variability of syn-magmatic zircons is primarily dictated by the
εHf variability and spatial distribution of relict or inherited zircons in
the host magmas.

Our εHf,t range of values from the granites of the Sierra de Vinquis
can be interpreted in a similar way. Thus, the dominant εHf,t values
ranging from −4.9 to −6.8 can be assumed as the main contribution
to the melt of dominant inherited zircons (Cambrian and Ordovician)
from the protolith (Fig. 9). Two ‘anomalous’ εHf,t values for magmatic
zircons (−1.5 and −9.5) may be the result of occasional inherited
zircons with high and low 176Hf/177Hf ratios, respectively.

The εNd,t values of the studied granitic rocks (ranging from −6.1 to
−7.8) are fully consistentwith thedominant εHf,t range values, showing
an appropriate coupling between both isotope systems. This observa-
tion suggests that Hf from non-zircon minerals was scarce or absent
(as suggested by Chen et al., 2015; Tang et al., 2014). The breakdown
of Hf-bearing major minerals (especially garnet) in anatectic reactions
causes the dissolution of Hf into such melts, resulting in elevated
176Hf/177Hf ratios (Chen et al., 2015). Hf contributions from non-zircon
minerals such as garnet lead to Nd–Hf isotopic decoupling (Tang et al.,
2014).
When the εHf,t of Cambrian andOrdovician inherited zircon from the
Vinquis granite is calculated at t = 355 Ma, similar values are obtained
to the dominant εHf,t values reported for zircons that crystallized at that
time. Themost direct interpretation of this similarity is that the Vinquis
batholith magma resulted mainly from reworking of supracrustal
material.

The average of three depleted mantle Nd model ages is 1.66 Ga
(n = 3), essentially coincident with the Hf model age (1.69 Ga; n = 9).
These data are suggestive of a dominant Mesoproterozoic continental
lithosphere source. The whole-rock composition and these isotopic data
preclude a direct asthenospheric mantle contribution in the generation
of the parental magma.

7.3. Petrogenesis of the granitic magmas

Granites of the Vinquis batholithmostly have restrictedmonzogranite
composition, with distinctive high ASI values. The occurrence of mag-
matic muscovite and occasional sillimanite and garnet is consistent
with the high ASI values. Based on these characteristics the granites
of the Vinquis batholith can be classified as strongly peraluminous
according to the definition of Zen (1988).

The zircon saturation thermometry of Watson and Harrison (1983)
provides a simple and robustmeans of estimatingmagma temperatures
for both metaluminous and peraluminous rocks, either inheritance-
rich or inheritance-poor (Miller et al., 2003). The calculated results
for M values between 1.17 and 1.32 (the calibration range for the
geothermometer) range from 685 °C to 803 °C (Table 7), which are



Fig. 12. (K2O + Na2O)/CaO vs. Zr + Nb + Ce + Y discrimination diagram for A-type
granites, fractionated felsic granites (FG) and unfractionated M-, I- and S-type granites
(OGT) from Whalen et al. (1987), showing the compositions of the studied granites of
the Vinquis batholith and metaluminous and strongly peraluminous A-type granite of
Sierras Pampeanas reported in the Fig. 13. Data sources reported in Fig. 3. New data is
from Eby (1992) (empty circles).
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quite typical for granites. A crude correlation shows that the temperature
decreases as the SiO2 content increases (Table 7), as might be expected.

Chondrite-normalized REE plots and primitive-mantle normalized
spider diagrams show several distinctive features. (1) REE patterns
tend to be smooth and slightly LREE-enriched and have significant
negative Eu anomalies, indicating that feldspar fractionation or residual
feldspar in the source region played a relevant role in the petrogenesis
of the magmas (Fig. 6a). (2) Significant negative Ba and Sr anomalies
and positive Rb and Cs anomalies in the spider diagrams similarly dem-
onstrate the important role of feldspar and biotite (Fig. 6b). (3) Signifi-
cant negative Ti and positive P anomalies indicate that Ti oxides, apatite,
and monazite also played a role. (4) LIL elements are significantly
enriched with respect to primitive mantle, suggesting an important
continental contribution.

Logarithmic plots of Eu versus Ba and Sr concentrations show linear
trends for the granitic rocks of the Vinquis batholith (Fig. 11a, b). Both
Ba and Sr decrease with decreasing Eu, showing the role of feldspar
fractionation in the evolution of these magmas. Simple vectors calculat-
ed for Ba, Sr and Eu produce linear trends for a number of the samples,
indicating (in agreement with the Rb and Cs increase), varying degrees
of K-feldspar and plagioclase segregation through the crystallization
process, as has been suggested for other A-type of Sierras Pampeanas
(Dahlquist et al., 2010a; Dahlquist et al., 2016). Feldspar fractionation
plays an important role in the evolution of A-type granite worldwide
Fig. 13. P2O5 vs. SiO2 wt.% granite discrimination diagram showing granites of the Vinquis
batholith compared to the metaluminous to weakly peraluminous Early Carboniferous A-
type granites (ECMAG) and Upper Paleozoic strongly peraluminous A-type granites
(SPAG) of Sierras Pampeanas. Boundary line is approximated. Data sources are reported
in Fig. 3.
(e.g., Dall'Agnol et al., 2005; Deng et al., 2016; Eby, 1990; King et al.,
2001; Vallinayagam and Kochhar, 2011; Whalen et al., 1987).

A strong positive correlation is observed between TiO2 and MgO +
FeOt (R2=0.98, excluding afine-grainedmonzogranitic enclave report-
ed in Section 4.2.1, data in Table 7). Considering that biotite is the sole
ferromagnesian mineral present in these granites, this suggests
removal of biotite and maybe ±Ti oxides. The concomitant decreases
in LREE (La, Ce), Zr (Hf), and Th relative to FeOt + MgO (R2 = 0.98,
again excluding the enclaves) suggest the segregation of accessory
minerals such as zircon and monazite as well as biotite (Fig. 7a,b). Frac-
tionation of similar accessory minerals has been reported for A-type
granites (e.g., Dahlquist et al., 2010a; Dahlquist et al., 2016; Eby, 1990;
King et al., 2001).

In general, the A-type granites are characterized by relatively high
HFSE (Whalen et al., 1987) (e.g., Zr + Nb + Ce + Y N 350 ppm),
although there are exceptions (Bonin, 2007). The granites of the Vinquis
batholith have lower HFSE content than the metaluminous A-type
of the Sierras Pampeanas (Dahlquist et al., 2010a) and other classic
A-type granites worldwide (e.g., Eby, 1992; Whalen et al., 1987 and
references therein) (Fig. 12).

A high concentration of P2O5 is a common feature of the Achala
and Vinquis batholiths in contrast to the metaluminous to weakly
peraluminous Early Carboniferous A-type granites of Sierras Pampeanas
(Dahlquist et al., 2010a) (Fig. 13). For the Achala batholith Dahlquist
et al. (2014) suggested that the high P2O5 content is consistent with a
mainly metasedimentary continental source, P (together with volatile
elements such as F) is a common element in some sedimentary rocks
(e.g., Gromet et al., 1984; Nelson, 1992; Taylor and McLennan, 1985).
The initially high phosphorus contents of metapelitic protoliths is espe-
cially reflected in the peraluminous granitic melts that they produce,
because the solubility of the phosphorus increases in peraluminous
compositions (Villaseca et al., 2008). Additionally, the conspicuous
presence of tourmaline in some granitic facies of the Vinquis batholith
would suggests the presence of boron in the source and is consistent
with a pelitic metasedimentary one.

However, an alternative mechanism can be invoked to explain the
high P2O5 content (Fig. 13) and several geochemical peculiarities of
the Vinquis batholith (e.g., the low abundance of HFSE). The behavior
of Zr, REE, Y, Th, and U during felsic crustal processes is mostly con-
trolled by four accessory minerals (monazite, xenotime, apatite and
Fig. 14. K/Rb vs. 10,000 × Ga/Al granite discrimination diagram (modified from Rapela et
al., 2008b) showing the compositions of the studied granites from the Vinquis batholith,
calc-alkaline granites, and metaluminous and strongly peraluminous A-type granites
(see references for granitic rocks in inset). The 10,000 × Ga/Al discrimination limit for
A-type granites is from Whalen et al. (1987). Chemical data for A-type granites of
Sierras Pampeanas are reported in Fig. 3. Chemical data for the Pampean and Famatinian
granitoids are from Dahlquist et al. (2005), Grosse et al. (2011), Iannizzotto et al.
(2013), Pankhurst et al. (1998, 2000), and Rapela et al. (1998, 2002).
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zircon) that usually account for at least 80–90% of the total budget of
these elements in crustal rocks (e.g., Bea, 1996). Metaluminous and
strongly peraluminous A-type granites in the Sierras Pampeanas show
a contrasting behavior of HFSE and P2O5 which can be linked to their
ASI. The solubility of accessory phases is reasonably well known due
to a considerable body of experimental data (e.g., Watson, 1996; Wolf
and London, 1994; Wolf and London, 1995 and references therein),
and show that ASI constrains the solubility of different accessory
minerals during partial melting. In particular, apatite has an elevated
solubility in peraluminous melts, while zircon, monazite, and
xenotime have significantly reduced solubility. Therefore, the ASI in
metaluminous and strongly peraluminous A-type granites constrains
the concentration of some trace elements in the parental melt (Fig. 12).
Remarkably, those trace elements highly fractionated by feldspar or
biotites (such as Rb, Sr, Ba, Cs, Ga) have similar concentrations in
metaluminous and strongly peraluminous A-type granites.

In summary, the parallel development of negative Ba and Sr and
positive Rb and Cs anomalies in the spider diagram and Eu anomalies
in the REE diagram (Fig. 6a,b), as well as the logarithmic plots of Eu
versus Ba and Sr (Fig. 11), is consistentwith dominant feldspar fraction-
ation. The TiO2, LREE, Th, Zr and Hf vs MgO + FeOt diagrams suggest
segregation of biotite and associated accessory minerals such as Ti
oxides, zircon and monazite. The lower LREE, Th, Zr, Hf and higher
P2O5 relative to A-typemetaluminous granites could result from the de-
gree of solubility of accessory minerals during the partial melting pro-
cess, constrained by the ASI of the melt. This compositional behavior
linked to ASI and has been reported for others felsic granites (Breiter,
2012; Champion and Bultitude, 2013; Chappell, 1999; Sawka et al.,
1990).

High Ga/Al values are a distinctive characteristic of A-type granite,
and plots against major and trace element contents can readily dis-
tinguish between I-type (calc-alkaline), S-type and A-type granite
(Whalen et al., 1987). Using theK/Rb vs. Ga/Al diagram(Fig. 14), strong-
ly peraluminous A-type granites of the Vinquis batholith and
the Carboniferous and Devonian granites of the Sierras Pampeanas
(both metaluminous and peraluminous) are distinct from Cambrian
(Pampean orogeny) andOrdovician (Famatinian orogeny)metaluminous
calc-alkaline and peraluminous granites emplaced in the pre-Andean
margin of Gondwana.
Fig. 15. Rb/Sr vs. Zr + Ce+ Th granite discrimination diagram showing the compositions
of the studied granites from the Vinquis batholith, peraluminous orogenic granites and
metaluminous and strongly peraluminous A-type granites (see references for granitic
rocks in the inset). Data sources reported in previous figures. New data is from Chappell
and White (1992), Downes et al. (1997), Guo and Wilson (2012), Healy et al. (2004),
Merino Martínez et al. (2014), Sun et al. (2011), Williamson et al. (1996), Shellnutt and
Zhou, (2007), Sun et al., (2011), Xia et al., (2012) and Feng et al., (2014).
Experimental studies by Patiño Douce (1997) indicate that the
higher proportion of Ca-rich plagioclase formed by incongruentmelting
at low-pressure (4 kbar) explains the low CaO relative to Al2O3

of metaluminous A-type granites (as well as their Eu depletion), and
because plagioclase excludes Ga relative to Al2O3 (Malvin and Drake,
1987), it also gives rise to their distinctively high Ga/Al values. The
low Ca concentration in the magma during the crystallization process
is evident from the very sodic plagioclase composition (Ab84–96,
Table 1). Alternatively, Whalen et al. (1987) indicated that Ga is
enriched relative to Al because the latter is preferentially trapped in
residual plagioclase, while during melting of an F-enriched source Ga
is stabilized in the melt as GaF6−3. The high F content is evident from
mineral chemistry of biotite (see Section 4.2.2).

In a Rb/Sr vs. Th + Zr + Ce diagram (Fig. 15), the granites of the
Vinquis batholith and the Late Devonian and Early Carboniferous
strongly peraluminousA-type granites of the Sierras Pampeanas are dis-
tinguished from: i) world examples of orogenic strongly peraluminous
granites (S-type or two-mica granites, e.g., Himalayan and the
European Hercynian belt granites), ii) S-type granites of the Lachlan
Fold Belt, iii) local examples of orogenic strongly peraluminous granites
(i.e. Famatinian and Pampean orogenic granites), and iv)metaluminous
to weakly peraluminous and peralkaline A-type granites. Only a few
samples of strongly fractionated S-type granites (Chappell and White,
1992) plot within of the strongly peraluminous A-type granite field.
Fig. 16. Whole-rock FeOt/(FeOt + MgO) vs. Al2O3 (a), and FeOt/(FeOt + MgO) vs. Al2O3/
(K2O/Na2O) (b). Diagrams show the composition of representative oxidized and reduced
A-type granites compared with calc-alkaline granites. Data sources are Dall'Agnol and
Oliveira (2007) and data sources reported in Fig. 12.
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7.4. Reduced and oxidized A-type granites

Experimental results indicate that the nature of A-type granites
(besides other parameters such as pressure, metasomatized source,
etc.) is strongly dependent on ƒO2 conditions and the H2O content of
magma sources (Patiño Douce, 1999; Anderson and Morrison, 2005;
Dall'Agnol and Oliveira, 2007; and references therein). As already
noted, some authors have distinguished oxidized and reduced A-type
granites. Anderson and Morrison (2005) have reported that whole-
rock FeOt/(FeOt + MgO) values of magnetite-series granites of
Laurentia typically range between 0.80 and 0.88, whereas those of
ilmenite-series granites are generally higher (N0.88). Similar differ-
ences are shown by Dall'Agnol and Oliveira (2007) for oxidized and
reduced A-type granites. Early Carboniferous metaluminous to weakly
peraluminous A-type granites of the Sierras Pampeanas (Dahlquist
et al., 2010a) have a strong ferroan signature, with high whole-rock
(FeOt/(FeOt + MgO) values (0.83–0.98) compatible with the reduced
A-type granites reported byDall'Agnol andOliveira (2007). The granites
of the Vinquis batholith have FeOt/(FeOt + MgO) ranging from 0.76 to
0.85, which is consistent with values reported by Dall'Agnol and
Oliveira (2007) for oxidized A-type granites. Correspondingly, the
strongly peraluminous A-type Vinquis and Capilla del Monte granites
plot within the oxidized A-type granite field in Fig. 16a and b, whereas
the Early Carboniferous metaluminous to weakly peraluminous A-type
granites plot in the field of reduced granites. These relationships are
consistent with those deduced from the Fe2+/(Fe2+ + Mg) values of
biotite (Section 7.1).

The erratic and scarce presence of ilmenite and rutile would suggest
early crystallization and segregation of magnetite relative to ilmenite,
leading to a relative enrichment of Ti in the magma. Dall'Agnol and
Oliveira (2007) reported magnetite-bearing granites with whole-rock
andmineral chemistry that indicate crystallization in relatively reduced
conditions. It seems that the presence of magnetite or ilmenite is not
always a direct indicator of fO2 in the magma although the reason for
this ambiguous behavior is not clearly understood (see discussion in
Dall'Agnol and Oliveira, 2007).

Oxidized A-type magmas are considered to be derived from melts
with appreciable H2O contents (≥4 wt.% H2O) whereas reduced A-type
granites may be derived from sources with low H2O contents, perhaps
as little as 2–3 wt.% H2O (Dall'Agnol and Oliveira, 2007; Patiño Douce,
1997 and references therein). Various authors (e.g., Anderson and
Morrison, 2005; Dall'Agnol and Oliveira, 2007) have shown that reduced
A-type granites have the typical A-type geochemical signature whereas
oxidized granites, although retaining A-type characteristics, have less
pronounced A-type geochemical signature.

As noted in Section 7.3, experimental results by Patiño Douce (1997,
1999) indicate that the higher proportion of Ca-rich plagioclase and
orthopyroxene formed by incongruent melting in low pressure condi-
tions (4 kbar) andwith lowH2O contents explains the typical geochem-
ical signature of A-type granites (low CaO relative to Al2O3, high FeO/
MgO ratios, etc.). Dall'Agnol and Oliveira (2007) conclude that high
H2O contents (≥4wt.% H2O) duringmelting favor the presence of resid-
ual clinopyroxene, and this can explain the less typical A-type geochem-
ical signature of oxidized A-type granites.

A metasediment-rich source was postulated for two-mica
A-type granites in the USA by Anderson and Morrison (1992).
The metasedimentary source postulated for the Vinquis granites
(Section 7.2) could account for an appreciable H2O content in the
source since this would be higher in metasedimentary material than
in meta-igneous one.

7.5. Paleozoic metaluminous to weakly peraluminous and strongly
peraluminous A-type granites of Sierras Pampeanas

Our previous studies (Dahlquist et al., 2010a; Dahlquist et al., 2016)
indicate that during the Early Carboniferous, metaluminous and
peraluminous A-type granites were emplaced in the intracontinental
region of the pre-Andean margin of SW Gondwana (now the Eastern
Sierras Pampeanas). Previously, Late Devonian peraluminous A-type
granites (Dahlquist et al., 2014) were emplaced in the same region
(Fig. 1).

The latest Devonian or earliest Carboniferous Vinquis granites have
similarities with strongly peraluminous A-type granites of Sierras
Pampeanas such as the Late Devonian Achala batholith (Dahlquist
et al., 2014) and the Early Carboniferous Capilla del Monte pluton
(Dahlquist et al., 2016) (see Figs. 3 to 6 and 12 to 16). In addition, the
Vinquis granites show some minor geochemical differences from the
Early Carboniferous metaluminous to weakly peraluminous A-type
granites of the Sierras Pampeanas.

On the basis of the previous discussion we can conclude that
metaluminous to weakly peraluminous and strongly peraluminous
A-type granites were derived from two different sources, metaigneous
and metasedimentary one, and that they crystallized synchronously
in dominantly reduced and oxidized conditions, respectively. Both
varieties were emplaced in a dominant extensional regimen as it was
suggested by Dahlquist et al. (2016).
8. Conclusions

1. The Vinquis batholith was emplaced in latest Devonian or earliest
Carboniferous time; U–Pb zircon dating yielded a crystallization age
of 355 ± 7 (355 Ma correspond to earliest Tournaisian).

2. Considering previous works and the data reported here, emplace-
ment of the Vinquis batholith was probably synchronous with Early
Carboniferous metaluminous A-type granites in the pre-Andean
intracontinental region of SW Gondwana.

3. Based on the geochemical data reported here, the Vinquis batholith
can be classified as a F-rich strongly peraluminous A-type granite, a
singular and distinctive subtype of A-type granites.

4. The whole-rock and mineral chemistry of the granites of the Vinquis
batholith indicate that the magma crystallized under dominantly
oxidizing conditions whereas the Early Carboniferous metaluminous
to weakly peraluminous A-type granites of the Sierras Pampeanas
crystallized under dominantly reduced conditions.

5. The contrasting behavior of HFSE andP2O5 observed formetaluminous
and strongly peraluminous A-type granites can be linked to the ASI
of the melt, which constrains the solubility of accessory minerals
such as apatite, zircon, monazite, and xenotime during partial melting.

6. Both Hf and Nd-isotopes data indicate that the source of the parental
magma was old continental crust with dominant metasedimentary
material enriched in P and volatiles such as F, B.

7. Following previous work (see Section 7.2) the dominant εHf,t
values can be explained by 176Hf/177Hf transfer from Cambrian and
Ordovician inherited zircon to magmatic zircon crystallized in
the granites of the Vinquis batholith. Anomalous values would be
explained by 176Hf/177Hf transfer from scattered inherited zircons
of unknown age. Systematic studies of the Hf content in zircons are
required to elucidate this issue.

8. The geochemical evidence indicates that differentiation of the
granitic rocks occurred by mineral fractionation from a F-rich
peraluminous parental magma, dominantly of plagioclase, K-feldspar,
biotite, and accessory minerals such as zircon, monazite, xenotime,
and oxides.

9. The Rb/Sr vs. Th + Zr + Ce plot is an appropriate discriminator
diagram that permits distinction between strongly peraluminous
A-type granites, metaluminous and peralkaline A-type granites and
strongly peraluminous orogenic granites.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2016.10.035.
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