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Abstract
In the Comechingones pegmatitic field, central Argentina, leucogranite and pegmatite bodies crop out in a relatively narrow 
(25 × 10 km) belt, and were emplaced synkinematically with the main deformational event of the crustal-scale Guacha Corral 
shear zone during the Early Ordovician (~ 475 Ma). These leucogranites and pegmatites are geochemically evolved rocks 
with high silica and alkalis, low Fe2O3, MgO, TiO2 and CaO, and high ASI values. The leucogranites display quite variable 
Sr and Nd isotope compositions (initial 87Sr/86Sr ratios from 0.7048 to 0.7170, and εNd values from + 2.0 to − 3.1), some of 
which do not overlap with almost any other pre-Famatinian rock from the Sierras de Córdoba. The major and trace element 
geochemistry and the particular Sr and Nd isotope compositions of the leucogranites are here explained by the following 
processes: (1) water-fluxed partial melting of amphibolites at relatively low P–T conditions generating currently unexposed 
granodioritic melts with unradiogenic 87Sr/86Sr ratios and radiogenic εNd values; (2) fractionation of mostly plagioclase and 
monazite leading to compositions close to the leucogranite melts; and (3) assimilation of metasedimentary rocks with crustal 
isotopic signatures, modelled by assimilation and fractional crystallization processes. The major, trace and isotope composi-
tions of the pegmatites suggest a derivation from partial melting of the same metasedimentary protoliths of the Sierras de 
Córdoba that were assimilated by leucogranite melts. We propose a feedback relationship among deformation, anatexis, 
magma evolution and mass transfer in the context of such a crustal-scale shear zone in the foreland of the Famatinian orogen.
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Introduction

Granites are a major component of the Earth’s continen-
tal crust and occur in a wide variety of tectonic settings. 
In most collisional belts, granites are either products of 
crustal anatexis or are derived by mantle-derived precursor 
magmas through differentiation. Partial melting of pre-
existing material may lead to the preservation of informa-
tion about ancient crustal regions. Thus, an understanding 
of the composition of the sources is a major prerequisite 
for the reconstruction of the history of inaccessible por-
tions of the deeper crust that were involved in tectonic and 
chemical processes occurred during an orogeny. Geochem-
ical variations found within granitic plutons are either 
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dominantly source-related or result from processes that 
occur during migration and crystallization of an original 
parent magma. Processes that may modify the composition 
of a magma body include mainly crystal fractionation pro-
cesses with or without assimilation of pre-existing crus-
tal rocks, magma mixing, restite unmixing or peritectic 
assemblage entrainment (see Clemens and Stevens 2012 
for full discussion). These processes will ultimately result 
in chemical variation of the original magma and the occur-
rence of genetically related magma fractions. Usually, in 
mafic to intermediate rock series, well-defined chemical 
variation trends are observed, whereas in high-SiO2 mag-
mas (such as pegmatite fields), extensive crystal fractiona-
tion processes can obscure fine-scale chemical differences 
between individual magma batches.

Particularly, the origin and evolution of highly evolved 
granitic magmas have been strongly debated through time 
(e.g., Chappell and White 1974, 1992, 2001; Barbarin 
1996; Clemens et al. 2011; Castro 2014). One difficulty 
in evaluating models of granite petrogenesis is the lack of 
data that place limits on the ratio of components (lower 
crust, upper crust, mantle) involved in granite formation. 
Nd, Sr and Pb isotopes are well suited for this purpose. 
As a general rule, mantle- or lower crustal-derived mag-
mas with unradiogenic 87Sr/86Sr ratios and radiogenic 
Nd (positive εNd) contents may evolve through fractional 
crystallization, contamination and/or mixing with evolved 
crustal materials to give rise to granitic magmas with 
radiogenic 87Sr/86Sr ratios (usually > 0.715) and unradio-
genic εNd values (< –5) at their final stages (Carter et al. 
1978; McCulloch and Chappell 1982; Hildreth et al. 1991; 
Davidson and de Silva 1992; Ort et al. 1996; Healy et al. 
2004; Troll et al. 2005; Wang et al. 2016). However, the 
resultant negative correlations between Sr and Nd isotopes 
do not always take place in a balanced way. For example, 
hydrothermal alteration, contamination (Andrade et al. 
1999; Kalsbeek and Frei 2006), retrograde metamorphism 
(Luais et al. 2001) or disequilibrium partial melting of 
a metasedimentary protolith involving certain minerals 
(Zeng et al. 2005a, b) could generate particular Sr and Nd 
isotope compositions that do not necessarily overlap with 
those of the surrounding rocks.

In this contribution, we present major and trace element 
data and Nd, Sr and Pb isotopes of leucogranites and granitic 
pegmatites from the Comechingones pegmatitic field (CPF), 
Argentina (Fig. 1). Leucogranites and pegmatites from CPF 
crop out in a relatively narrow belt (25 km long and 10 km 
wide) within the crustal-scale Guacha Corral shear zone, a 
first-order structure that juxtaposes terrains with different 
age domains (Pampean vs Famatinian). Particularly, some 
leucogranites show isotopic compositions that overlap with 
almost no other rock type from the geological framework in 
which they occur. The results presented here allowed us to 

discuss: (1) the water-fluxed partial melting of amphibolitic 
rocks to endow a primitive isotopic character to the highly 
evolved leucogranites, (2) the contribution of crustal mate-
rials (metasedimentary rocks) for the origin and evolution 
of the pegmatites and leucogranites, and (3) the combined 
effects of assimilation (contamination) and fractional crys-
tallization to reach the particular isotope compositions of 
some leucogranite samples. Combining these results with 
previous geological and structural information, we finally 
discuss the role that the deformation of a crustal-scale shear 
zone, such as the Guacha Corral shear zone, have exerted on 
the fluid migration, partial melting and magma transport to 
higher structural levels. Our results reinforce the idea that 
anatectic processes and mass transport through the crust 
can efficiently take place in such a deformational setting, 
even hundreds of kilometers far from the arc in a foreland 
position.

Geological setting and petrographic 
descriptions

The CPF is located in the Sierras de Córdoba, central 
Argentina (Fig. 1a, b). These mountain ranges belong to 
the Sierras Pampeanas geological province, which consists 
of metamorphic rocks intruded mostly by Paleozoic igne-
ous rocks (Jordan and Allmendiger 1986; Pankhurst and 
Rapela 1998). The metamorphic and igneous rocks of the 
Sierras Pampeanas were generated during three main oro-
genic events, namely the Pampean (late Neoproterozoic to 
Mid-Cambrian), Famatinian (Early to Mid-Ordovician), and 
Achalian (Late Devonian to Early Carboniferous) orogenies 
(Rapela et al. 1998a, b, 2018; Pankhurst et al. 1998; Sims 
et al. 1998; Stuart-Smith et al. 1999; Otamendi et al. 2004; 
Casquet et al. 2018; Weinberg et al. 2018).

Most of the Sierras de Córdoba are predominantly com-
posed of metasedimentary (mostly siliciclastic sedimentary 
protoliths) and igneous rocks of Precambrian to Devonian 
age. During the Pampean orogeny, magmatic and medium- 
to high-grade (up to 7.5 kb and 850 °C; Rapela et al. 1998a; 
Otamendi et al. 2004) metamorphic events occurred in the 
Sierras de Córdoba producing gneisses, schists, migmatites 
(metatexites and diatexites), S- and I-type granitoid rocks 
and subordinate amphibolites, marbles, calc-silicate, mafic 
and ultramafic rocks (Rapela et al. 1998a; Otamendi et al. 
2004; Iannizzotto et al. 2013; Murra et al. 2016; Casquet 
et  al. 2018, among others). Afterwards, the Famatinian 
magmatic arc formed at the central and western portions 
of the Sierras Pampeanas, whereas in the Sierras de Cór-
doba, only a few igneous rocks of this age (Rapela et al. 
1998a; D’Eramo et al. 2006, 2013, 2014 and references 
therein), some of them studied here, and shear zones are 
found. The latter accommodated significant exhumation of 
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Fig. 1   a Geological sketch of the Sierras Pampeanas, Argentina, 
distinguishing the main metamorphic (light grey) and igneous (dark 
grey) rocks. b Simplified geological map of the Sierra de Comech-
ingones, Córdoba. Insets: extension of Fig.  1c (continuous-line rec-
tangle) and the Comechingones pegmatitic field (CPF; dashed-line 

rectangle). GCSZ: Guacha Corral Shear Zone; CAB: Cerro Áspero 
Batholith; AB: Achala Batholith. c Simplified geologic map of the 
study area, southern Comechingones pegmatitic field. Location of 
leucogranite, granitic pegmatite and amphibolite samples are shown 
along with their labels
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the metamorphic Pampean sequences (Rapela et al. 2018; 
Weinberg et al. 2018; Semenov et al. 2019). Finally, the 
Achalian orogeny was defined by Sims et al. (1998) and 
Stuart-Smith et al. (1999) to include tectonic and magmatic 
events that took place during predominantly Devonian times. 
The most representative Achalian igneous bodies in the Sier-
ras de Córdoba are the Achala and Cerro Áspero batholiths 
(Lira and Sfragulla 2014 and references therein; Pinotti et al. 
2002, 2006, 2014, 2016).

Metamorphic country rocks

In the study area, the country rocks of the leucogranites and 
pegmatites are dominated by aluminous metagreywacke 
sequences now represented by gneisses and migmatites 
(Otamendi et al. 1999, 2004; Demartis et al. 2011, 2017), 
and amphibolites. The Pampean gneisses and migmatites 
commonly have compositional banding, and stromatic and 
nebulitic structures, most of them completely reworked by 
the Guacha Corral shear zone deformation.

The Guacha Corral shear zone (Fig. 1b) is the largest and 
most complex ductile structure in the Sierras de Córdoba 
(Martino 2003; Whitmeyer and Simpson 2003; Otamendi 
et al. 2004; Fagiano 2007; Radice et al. 2015, 2020; Semenov 
and Weinberg 2017; Semenov et al. 2019). It is a ~ 120 km 
long by 10 km wide shear belt that crops out in the central 
part of the Sierras de Córdoba, with a North–South trend, 
eastward dip and moderate dipping angle. The deformational 
history of the Guacha Corral shear zone points to protracted 
movements from Cambrian to Devonian times (Semenov 
et al. 2019), with deformational events that reworked the 
previous gneissic and migmatitic structures. The result 
of this reworking is the generation of Bt + Sil (fibrolite) 
mylonites and Chl + Ser phyllonites (mineral abbreviations 
after Whitney and Evans 2010), formed during two main 
deformational events that took place at ductile, amphibolite-
facies and ductile–brittle, greenschist-facies metamorphic 
conditions, with an almost reverse motion in a context of a 
compressive stress field for the ductile event (Martino et al. 
1995; Martino 2003; Whitmeyer and Simpson 2003; Fagi-
ano and Martino 2004; Fagiano et al. 2004; Otamendi et al. 
2004; Fagiano 2007; Cristofolini et al. 2008; Steenken et al. 
2010; Demartis et al. 2011; Radice et al. 2015; Semenov 
and Weinberg 2017; Semenov et al. 2019). According to its 
dimensions (~ 10 km width in its widest part and more than 
100 km long) and the fact that it juxtaposes terranes with 
different tectono-metamorphic histories, the Guacha Corral 
shear zone is considered to be a crustal-scale structure, and 
was also proposed to be part of a larger thrust zone which 
would extend for at least 250 km (Whitmeyer and Simpson 
2003; Weinberg et al. 2018; Semenov et al. 2019).

Amphibolites (Fig.  1c) are subordinate in area with 
respect to the gneisses and migmatites of the Sierras de 

Córdoba. They crop out as tabular bodies that reach up to 
several kilometers in length and hundreds of meters in width. 
Banded structures defined by alternating bright and dark 
colored bands composed of plagioclase + diopside ± quartz 
and hornblende + plagioclase + titanite, respectively, are 
common. The alternating bands and oriented hornblende 
crystals define a strong foliation that is partially overprinted 
by ductile deformation (Martino et al. 1995; Otamendi et al. 
2004; Fagiano 2007; Cristofolini et al. 2008; Radice et al. 
2015). Amphibolite bodies within the Guacha Corral shear 
zone were folded, boudinaged and strechted at the mega- and 
macro-scale forming individual bodies of smaller dimen-
sions. Re-oriented, fractured and stretched amphibole 
crystals, as well as mechanical twins in plagioclase can be 
observed in deformed amphibolites.

Leucogranites and granitic pegmatites

The leucogranites and granitic pegmatites studied here 
(Demartis et al. 2011, 2014, 2017) yield LA-ICPMS U–Pb 
zircon ages of 474.8 ± 12.2 and 473.8 ± 3.9 Ma, respec-
tively, typical of the Famatinian orogeny (Demartis et al. 
2017). They were grouped into the CPF, Sierras de Córdoba 
(Fig. 1b), which includes variably fractionated pegmatites, 
quartz-rich pegmatites and aplitic leucogranites.

The leucogranites occurs in a ~ 12-km-long region located 
to the east of the Merlo village. They are relatively uncom-
mon, and are distributed preferentially in the eastern side 
of the study area (Fig. 1c), spatially associated with quartz-
rich pegmatites. The leucogranites crop out as small tabu-
lar- to irregular-shaped bodies generally less than 5 m wide 
and between 10 and 200 m long (Fig. 2a), with mostly N–S 
strikes concordant to subconcordant with the mylonitic folia-
tion of the host rocks.

Leucogranites are equigranular to weakly inequigranu-
lar, medium- to fine-grained rocks (Fig. 2b–d). Most sam-
ples were classified as monzogranites in the QAP diagram, 
although a few of them plotted in the granodiorite field. 
They consist of quartz, Ab-rich plagioclase, K-feldspar, 
muscovite and minor biotite with rare garnet. Accessory 
minerals are zircon, apatite, monazite and minor oxides. A 
continuous deformation from submagmatic to subsolidus 
conditions has been previously proposed (Demartis et al. 
2017) according to textural, structural and microstruc-
tural evidence, such as microfractures filled with residual 
melt in early crystallized plagioclase crystals (Fig. 2c), 
chessboard extinction patterns in quartz grains, and pre-
ferred orientation of muscovite, biotite and quartz ribbons 
defining conspicuous S/C structures (Fig. 2b, d). The ori-
entations of the C planes and the boundaries of the leu-
cogranite bodies are usually parallel to the host mylonitic 
foliation. All these structural and microstructural observa-
tions, along with kinematic analysis at the mesoscale and 
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microscale yielding the same sense of shearing between 
leucogranites and the host mylonites, indicate a synkine-
matic emplacement of the former with respect to the high-
temperature ductile event of the Guacha Corral shear zone 
(Demartis et al. 2017).

Granitic pegmatites crop out in the western part of the 
studied area (Fig. 1c), where the mylonitic country rocks 
show the most pervasive deformation. They consist of 

variable-sized, tabular- to lens-shaped composite bodies. 
They commonly show internal zonation comprised by bor-
der, wall, intermediate and core zones (Fig. 2e; Demartis 
et al. 2011). The majority of the pegmatites displays low to 
intermediate degrees of fractionation and are usually barren 
(no metalliferous mineralization) bodies. However, rare-ele-
ment mineralizations have also been described in some peg-
matites (Galliski 1994; Demartis et al. 2011, 2014), where 

Fig. 2   a Tabular-shaped body 
of leucogranite concordant 
with respect to the mylonitic 
foliation of the host rocks. The 
dike is 6 m long and 0.6 m thick 
(Demartis et al. 2017); b Pho-
tography at the hand-specimen 
scale of the leucogranites show-
ing their general appearance and 
S/C structures defined by the 
preferred orientation of quartz, 
feldspars and micas (Demartis 
et al. 2017); c Microfractures 
in early crystallized plagioclase 
crystals in leucogranite, filled 
with residual melt (Demartis 
et al. 2017); d S/C structure 
at the microscopic scale in 
leucogranite, with fish-shaped 
muscovite and quartz ribbons 
defining the main S and C 
planes (Demartis et al. 2017); 
e Typical internal zonation in 
granitic pegmatites, composed, 
from contact inwards, of border, 
wall, intermediate and core 
zones; dike width is approxi-
mately 25 m; f Intermediate 
zone of a granitic pegmatite 
showing a well-developed 
internal foliation defined by flat-
tened, stretched and reoriented 
coarse-grained microcline, 
quartz ribbons, and micas; 
pen length is 14 cm (Demartis 
et al. 2011); (g) Wedge-shaped 
intracrystalline fracture in 
feldspar crystals from the 
intermediate zone of a granitic 
pegmatitic, filled with residual 
melt (Demartis et al. 2011); 
(h) Albite perthites with flame 
shapes in large microcline grain 
from the intermediate zone of 
a granitic pegmatite (Demartis 
et al. 2011). All photomicro-
graphs are under cross-polar-
ized light
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accessory minerals (garnet, Fe–Mn phosphates, uraninite, 
beryl, columbite-group, Li-rich micas and tourmaline, 
among others) indicative of typical LCT (Li–Cs–Ta; Černý 
and Ercit 2005) geochemical signatures are present. Highly 
evolved, late-stage replacement units of metasomatic origin 
have also been observed in a few pegmatites (Demartis et al. 
2014). These units are the result of internal recirculation of 
late-pegmatitic fluids that affects the previously crystallized 
zones leading to extreme enrichment in some elements (Li, 
Cs, F, Ta, Hf, etc.; Demartis et al. 2014).

An internal foliation defined by flattened, stretched 
and reoriented coarse-grained microcline (Fig. 2f), quartz 
ribbons and muscovite is commonly observed in the peg-
matites at the outcrop scale. This foliation, as well as the 
mean planar orientation of most of the pegmatite bodies, 
is usually oriented parallel to the mylonitic foliation of the 
country rocks (Demartis et al. 2011, 2017). Structural and 
microstructural evidence, such as wedge-shaped intracrys-
talline fractures filled with residual melt in large feldspar 
crystals (Fig. 2g), mechanical twins in feldspars, chessboard 
extinction patterns in quartz, and albitic perthites with flame 
shapes in large microcline grains (Fig. 2h), among others, 
also point to a continuous deformation from the submag-
matic to subsolidus conditions (Demartis et al. 2011, 2017). 
The above-mentioned textural, structural and microstructural 
evidence, along with detailed kinematic analysis, allowed 
some authors to suggest a synkinematic emplacement of the 
granitic pegmatites with the main deformational event of the 
Guacha Corral shear zone (Steenken et al. 2010; Demartis 
et al. 2011, 2017; Semenov et al. 2019). Space generation 
is difficult to explain in the contractional setting in which 
these rocks were emplaced, such as that occurred during 
the ductile deformational event of the Guacha Corral shear 
zone. Demartis et al. (2011) have proposed an emplace-
ment mechanism in which local and temporal spaces were 
opened due to displacements along staggered shear zones 
with releasing bends, inducing the local development of 
domains with negative pressure gradients and “pumping” 
magmas towards these sites, thus allowing their transport 
upwards in the shear zone.

Analytical techniques

Major and trace elements, as well as Sr–Nd isotope geochem-
istry, were performed on seven leucogranite and two pegma-
tite whole rock samples. Small pegmatite dikes were chosen 
for sampling. To assure representative sampling including 
textural and mineralogical inhomogeneities, each sample 
comprised several rock chips of hundreds of grams taken 
representatively from the different internal zones across the 
pegmatites. Pegmatite sampling was performed on relatively 
small dikes (less than 1 m thick) to collect the whole material 

across the internal zoning. Five samples of amphibolites 
were also sampled for major and trace element geochemis-
try (sample location in Fig. 1c). For the Pb isotopes analysis, 
inclusion- and alteration-free K-feldspar grains were selected 
under binocular microscope from previously crushed whole 
rock leucogranite and pegmatite samples.

Whole-rock major and trace element compositions of 
leucogranites and pegmatites were measured by ICP–MS at 
Activation Laboratories (Actlabs; Canada). Five amphibolite 
whole-rock samples were also measured for major and trace 
element concentrations on fused lithium‐tetraborate glass 
beads using standard XRF techniques and a PanAnalytical 
MagixPro X‐ray fluorescence spectrometer at the Universität 
Hamburg. Estimated uncertainties are 1–2% relative.

Strontium, Nd and Pb isotope analyses were carried out at 
the GEOMAR Helmholtz-Zentrum für Ozeanforschung Kiel by 
thermal ionization mass spectrometry using a Finnigan MAT 
262 multi sample, multi-collector mass spectrometer operating 
in static mode. Strontium and REE were separated using stand-
ard cation exchange columns with a DOWEX® AG 50W-X 12 
resin using 2.5 N HCl for Sr and 6 N HCl for the REE. Neodym-
ium was separated from the other REE using HDEHP-coated 
Teflon® columns and 0.12 N HCl. Neodymium isotopes were 
normalized to 146Nd/144Nd = 0.7219. Repeated measurements 
of the La Jolla Nd standard gave 143Nd/144Nd = 0.511829 ± 0.0
00003 (2 sigma; n = 4). The reproducibility of the Sr standard 
(NBS 987) is 87Sr/86Sr = 0.710271 ± 0.000003 (2 sigma; n = 8) 
and the fractionation was corrected to 86Sr/88Sr = 0.1194. A 
detailed description of the Pb (Double Spike; DS) isotope anal-
yses performed at IFM-GEOMAR (Kiel, Germany) is found in 
Hoernle et al. (2011). K-feldspar separates were washed over-
night in aqua regia and subsequently triple rinsed with ultrapure 
water thereafter. The separates were leached three times in a 
mixture of concentrated HF and HNO3 which resulted in a 
weight loss of c. 50%. After this treatment, the separates were 
dissolved in a 1:5 mixture of concentrated ultra-pure HNO3 
and HF at 150 °C, followed by standard chromatography pro-
cedures. Lead isotope ratios were determined on a Finnigan 
MAT262 TIMS using the silica gel technique. DS corrected 
NBS 981 values (n = 87; 2009–2011) with corresponding 2 
sigma external uncertainties are 206Pb/204Pb = 16.9418 ± 0.0025, 
207Pb/204Pb = 15.4998 ± 0.0024, 208Pb/204Pb = 36.7252 ± 0.0062, 
207Pb/206Pb = 0.91488 ± 0.00004 and 208Pb/206Pb = 2.16773 ± 0
.00009. Typical total chemistry blanks range from 10 to 30 pg 
Pb.

Results

Major and trace elements

Leucogranites and pegmatites are geochemically evolved 
rocks, with high silica contents (75.08—77.72 wt %). They 
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have low concentrations of Fe2O3, MgO, TiO2 and CaO 
and are enriched in alkalis (Na2O and K2O) and moderately 
enriched in P2O5 (Table 1). All samples are peraluminous, 
with ASI values [Aluminium Saturation Index: molecular 
Al2O3/(CaO + Na2O + K2O)] between 1.37 and 1.66 for leu-
cogranites, and as high as 1.76 for pegmatites. Due to their 
high SiO2 contents, inter-element variations with respect to 
SiO2 are obscured. However, some rough covariations can 
be observed, in which some major oxides show a decrease 
(MgO, Fe2O3 and Al2O3) or increase (K2O and Na2O) with 
increasing SiO2 contents.

Trace element abundances are also variable and clear 
covariations are difficult to identify. Abundances of Eu, Ba 
and Sr are roughly positively correlated, as well as Y, Th 
and the REE (Fig. 3). Pegmatites almost invariably show 
the lowest contents of these trace elements when compared 
to leucogranites (Fig. 3). Among the leucogranite samples, 
positive trends can be observed in the bivariate diagrams 
(Fig. 3). A group of three samples (samples 19, 100 and 118) 
have the highest Eu, Ba and Sr contents (Fig. 3a and 3b). 
Positive covariations can also be observed in the (La/Yb)N vs 
total REE (Fig. 3c), (La/Yb)N vs Y (Fig. 3d), total REE vs Y 
(Fig. 3e) and total REE vs Th (Fig. 3f) diagrams. Two sam-
ples (samples 19 and 100) have the highest total REE and Th 
abundances, and yield relatively high Y contents. Two trends 
with distinctive slopes can be observed in the (La/Yb)N vs 
Y (Fig. 3d) and total REE vs Y (Fig. 3e) diagrams: strong 
vs slight increase in (La/Yb)N ratios and total REE contents 
with increasing Y, being the steeper slopes in both diagrams 
defined by samples 19 and 100. Finally, two samples (98 and 
118) display the highest HREE and Y contents (Table 1).

Rare-earth element abundances are variable, and dif-
ferent patterns are observed (Fig. 4). Leucogranites show 
total REE contents ranging from 15.3 to 129 ppm, whereas 
pegmatites have less than 11 ppm (Table 1). Fractiona-
tion of LREE relative to HREE is also variable with La/
Yb(N) ratios ranging from 1.55 to 16.3 in leucogranites and 
around 1 in pegmatites. As was previously reported, the 
highest La/Yb(N) ratios are confined to the samples with 
the highest total REE contents (Fig. 3c). Europium anoma-
lies are moderately negative or non-existent in leucogran-
ites, with Eu/Eu* ranging between 0.5 and 1.0. Pegmatites 
show positive Eu anomalies, with Eu/Eu* between 2.60 
and 1.98 (Fig. 4; Table 1).

Nd, Sr and Pb isotopes

The results of the Sr, Nd and Pb isotope analyses are 
reported in Table 2. Initial 87Sr/86Sr ratios and εNd values 
were recalculated according to an age of 475 Ma (Demartis 
et al. 2017). Leucogranites have remarkable variations in 
the Nd and Sr isotope compositions. Initial εNd values vary 

in a relatively narrow range from + 2.0 to − 3.1, whereas 
initial 87Sr/86Sr ratios range from 0.7048 to 0.7170 (Fig. 5). 
These variations define a linear trend with two end mem-
bers: samples with relatively primitive isotopic charac-
ters (unradiogenic initial 87Sr/86Sr ratios and radiogenic 
εNd values) and samples with a radiogenic initial 87Sr/86Sr 
ratios and relatively unradiogenic εNd values. Compared to 
leucogranites, pegmatites show more unradiogenic initial 
εNd values (− 7.5 and − 8.4). They show radiogenic initial 
87Sr/86Sr ratios (0.7149 and 0.7167), quite similar to the 
most evolved leucogranite samples. When plotted against 
the available Sr and Nd isotopic compositions of the main 
igneous and metamorphic rocks with pre-Famatinian ages, 
pegmatite samples overlap the available compositions of 
the metasedimentary rocks (schists, phyllites, paragneisses 
and migmatites) from the Sierras de Córdoba (Table 3). 
The most primitive samples of leucogranites plot within 
the compositions of only minor rock types (amphibolites); 
the rest of the samples defining the linear trend plot above 
the pre-Famatinian crustal rocks from the Sierras de Cór-
doba and Famatinian igneous rocks (Fig. 5a, b).

The results of Pb isotope analyses on acid-leached feld-
spars are reported in Table 2 and shown in Fig. 6a, b. The 
206Pb/204Pb and 207Pb/204Pb ratios obtained from both rock 
types partially overlap and range from 18.23 to 18.43 and 
from 15.64 to 15.68, respectively. The 208Pb/204Pb ratios 
range from 37.99 to 38.26. When plotted together with the 
growth curves for various reservoirs of the plumbotectonic 
model proposed by Zartman and Doe (1981), data for both 
rock types plot close to, or above, the upper continental 
crust growth curve. Leucogranite samples also show some 
scatter towards the ‘orogene’ curve of Zartman and Doe 
(1981) (Fig. 6a, b).

Discussion

Primitive isotopic signatures: partial melting 
of amphibolites?

The unradiogenic initial 87Sr/86Sr ratios and radiogenic εNd 
values of the most primitive samples of the leucogranites 
(e.g. samples 98 and 19) indicate that part of their sources 
are isotopically unevolved rocks. Such primitive characters 
of the leucogranites are difficult to explain since the major-
ity of the pre-Famatinian igneous and metamorphic rocks 
that comprise the Sierras de Córdoba have isotopic signa-
tures similar to typical crustal rocks with negative initial 
εNd values and radiogenic initial 87Sr/86Sr ratios (Fig. 5; 
Table 3). Rocks displaying rather unradiogenic initial 
87Sr/86Sr ratios and positive εNd values in the Sierras de 
Córdoba (Table 3) are mostly Pampean-aged amphibolites 
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Table 1   Whole rock major and 
trace element compositions of 
leucogranites and pegmatites 
from Comechingones field, 
Sierras de Córdoba

LOI loss of ignition
a ASI (Aluminum saturation index) = [Al/(Na + K + Ca)]molar

Leucogranite Pegmatite

19 115 133 98 100 118 131 L3 104–1

Major elements (wt%)
 SiO2 77.72 76.39 76.27 75.67 75.08 75.56 75.56 76.46 77.28
 TiO2 0.08 0.02 0.02 0.04 0.11 0.02 0.06 0.01 0.01
 Al2O3 13.75 14.53 14.64 15.46 14.46 14.56 15.29 14.69 14.11
 Fe2O3(T) 0.88 0.74 0.58 0.82 1.00 0.74 0.82 0.50 0.21
 MnO 0.01 0.07 0.03 0.05 0.02 0.05 0.02 0.01 0.01
 MgO 0.17 0.06 0.12 0.15 0.25 0.05 0.20 0.11 0.05
 CaO 0.98 0.77 0.65 0.80 0.49 0.92 0.53 0.27 0.85
 Na2O 2.60 2.97 2.92 3.16 3.22 2.95 3.59 2.06 4.45
 K2O 2.47 2.67 2.61 3.43 3.56 3.80 2.81 4.11 2.61
 P2O5 0.04 0.05 0.15 0.19 0.05 0.06 0.11 0.12 0.15
 LOI 1.48 1.43 1.45 1.22 1.44 1.09 1.40 1.47 0.73
 Total 100.20 99.71 99.44 101.00 99.69 99.81 100.40 99.79 100.50
 ASIa 1.57 1.58 1.66 1.49 1.44 1.37 1.54 1.76 1.21

Trace elements (ppm)
 Li 15 3 6 8 26 3 7 6 6
 Ga 20 20 13 16 19 18 15 9 9
 Rb 70 105 83 127 110 96 84 105 64
 Sr 82 35 41 38 103 70 38 37 60
 Y 15.2 12.7 7.0 18.0 12.0 14.0 9.0 3.0 5.0
 Zr 73 30 20 38 80 29 31 4 45
 Nb 8.4 11.5 6.5 11.0 10.0 8.0 8.0 3.0 2.0
 Cs 1.8 1.0 2.0 2.6 4.4 0.6 1.8 2.9 1.3
 Ba 387 193 62 137 413 393 141 144 56
 La 27.6 6.5 2.7 6.5 17.4 7.1 4.5 0.8 1.9
 Ce 58.1 14.0 5.2 15.6 36.6 15.2 8.8 1.2 3.4
 Pr 6.37 1.60 0.55 1.95 4.38 1.87 1.09 0.17 0.42
 Nd 22.1 6.74 2.11 8.10 14.4 7.50 4.10 0.60 1.70
 Sm 4.25 1.62 0.56 2.00 3.00 1.90 1.00 0.20 0.50
 Eu 0.90 0.27 0.18 0.37 0.71 0.50 0.31 0.17 0.29
 Gd 3.64 1.73 0.54 2.40 2.20 2.00 1.00 0.20 0.40
 Tb 0.56 0.37 0.14 0.50 0.40 0.40 0.20 0.05 0.10
 Dy 2.69 2.22 1.00 3.10 2.30 2.70 1.60 0.40 0.70
 Ho 0.46 0.37 0.21 0.60 0.40 0.50 0.30 0.10 0.15
 Er 1.29 1.07 0.68 1.90 1.10 1.40 1.00 0.40 0.50
 Tm 0.18 0.16 0.15 0.32 0.16 0.21 0.20 0.09 0.10
 Yb 1.14 0.99 1.16 2.10 0.90 1.30 1.40 0.70 0.70
 Lu 0.16 0.13 0.18 0.31 0.13 0.17 0.19 0.11 0.10
 Hf 3.00 1.90 1.00 1.60 2.40 1.70 1.20 0.30 1.10
 Ta 2.58 4.25 3.96 3.60 2.10 2.60 2.70 2.20 1.80
 W 676 770 540 469 478 540 457 447 520
 Pb 12 20 28 29 19 25 53 39 37
 Th 11.1 3.15 0.97 3.70 8.00 4.20 1.90 0.20 0.30
 U 1.02 1.24 1.16 2.20 0.80 1.70 1.50 0.40 0.50
 ∑ REE 129.4 37.8 15.3 45.8 84.1 42.8 25.7 5.2 11.0
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Fig. 3   Bivariate diagrams for leucogranites and granitic pegmatites from the CPF. a Ba + Sr vs Eu; b Sr vs Ba; c ΣREE vs (La/Y)N; d Y vs 
(La/Y)N; e Y vs ΣREE; f Th vs ΣREE. La/Y ratios normalized to chondrite values from Boynton (1984)
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and mafic–ultramafic rocks (Rapela et al. 1998a; Escayola 
et al. 2007).

The initial 87Sr/86Sr ratios and initial εNd values reported 
by Rapela et  al. (1998a) and Steenken et al. (2011) for 
amphibolites in the Sierras de Córdoba were recalculated 
here to the age of the leucogranites (475 Ma; Demartis 
et al. 2017), yielding 87Sr/86Sr(475) ratios and εNd(475) values 
between 0.7042 and 0.7066 and between − 4.3 and + 9.6, 
respectively. Although much less abundant compared to 
the metasedimentary rocks, amphibolites are common in 
the study area (Fig. 1c) and in several parts of the Sierras 
de Córdoba. Therefore, the leucogranites can be regarded 
a priori as amphibolite-derived melts that then evolved by 
other processes.

To go further on this idea, five amphibolite samples 
from Sierra de Comechingones (Fig. 1c) were analyzed. 
Major element geochemistry of the amphibolites (Table 4) 
indicate that these rocks have low SiO2 (46.39–48.06%) 
and alkali element abundances (Na2O: 1.84–3.37 wt%; 
K2O: 0.42–0.68 wt%) and high CaO (9.92–13.73 wt%), 
Al2O3 (14.00–16.36 wt%), Fe2O3(T) (9.70–14.29 wt%), and 
MgO (5.07–9.19 wt%) contents.

Dehydration melting of amphibolitic rocks with rather 
similar compositions (Beard and Lofgren 1991; Rapp 
et al. 1991; Rushmer 1991; Wolf and Wyllie 1991, 1994; 
Sen and Dunn 1994; Rapp and Watson 1995; Winther 
1996; López and Castro 2001; Zhang et al. 2013) gives 
rise to melts with generally tonalitic-trondhjemitic (or 
less commonly granodioritic) compositions at high P–T 
conditions (generally > 850–900 °C and 0.8 GPa), and 
usually consumes hornblende at higher temperatures. By 
contrast, water-fluxed melting of the same amphibolitic 
rocks (Beard and Lofgren 1991; Rapp et al. 1991; Tepper 
et al. 1993; Lee and Cho 2013; Palin et al. 2016; Yakym-
chuk et al. 2019) usually yields tonalitic to granodioritic 
melts, although granitic melt compositions (i.e., high SiO2, 
K2O and Na2O, and low CaO, FeO and MgO) generated 

directly from mafic sources by water-fluxed melting at 
lower P and T conditions have also been reported by some 
authors (Tepper et al. 1993; Palin et al. 2016). Tepper 
et al. (1993) proposed a model in which water fugacity 
played a crucial role in the melt compositions during melt-
ing processes. They state that hydrous (water-fluxed) vs 
dehydration melting of an amphibole-bearing mafic lower 
crust would have produced granodioritic-granitic vs ton-
alitic melts, respectively, with heat and fluids provided by 
mantle-derived (anhydrous vs hydrated) basalts that were 
emplaced into this lower crust. Since isotopic composi-
tions do not show significant changes among rock types, 
Tepper et al. (1993) considered all granitoids (tonalitic to 
granitic rocks) as melts generated from a single source, 
but due to different melting conditions (dehydration vs 
water-fluxed). In addition, Palin et al. (2016) calculated the 
compositions of MORB- and diorite-derived melts, show-
ing that melting reactions that take place at relatively low 
T reach major oxide compositions that plot in the granite 
field with K2O contents > 3 wt%.

Considering the geochemical and isotopic compositions 
of the most primitive leucogranite samples, along with the 
major, trace and isotope compositions of the amphibolites 
that crop out in the Sierra de Comechingones and the geo-
dynamic framework of the study area during the Famatin-
ian orogen (see “Discussion” below), we here propose that 
water-fluxed melting of the amphibolites could have yielded 
now unexposed granodioritic or granitic melts with unra-
diogenic initial 87Sr/86Sr ratios and radiogenic εNd values. 
Water-assisted melting, as proposed by some authors (Tep-
per et al. 1993; Lee and Cho 2013; Yakymchuk et al. 2019), 
would stabilize peritectic hornblende, thus reducing the 
FeOT and MgO contents in the resultant melt.

Fig. 4   Chondrite-normalized REE diagrams for: a leucogranites, and b granitic pegmatites from the CPF. Chondrite values from Boynton (1984)
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Fractional crystallization

The bivariate diagrams shown in previous sections (Fig. 3) 
suggest fractional crystallization processes among the leu-
cogranite samples. A group of three samples (19, 100 and 
118) shows the highest contents of Eu, Ba and Sr with a 
broad positive correlation between these elements. Since 
feldspars, and mostly plagioclase, have high partition coef-
ficients for these elements (Philpotts and Schnetzler 1970; 

Bacon and Druitt 1988), the positive correlation of these 
elements in leucogranites (Fig. 3a, b) and the presence of 
plagioclase crystals coexisting with residual melt infilling 
microfractures in some leucogranite samples (Demartis et al. 
2017) support the fractionation of this mineral.

Trends among other trace elements, such as REE, Y and 
Th, suggest fractionation of minerals hosting these elements. 
The trends displaying increasing (La/Yb)N ratios and total 
REE contents with increasing Y (samples 19 and 100; 

Fig. 5   Diagram showing initial 87Sr/86Sr(t) vs εNd(t) for the leucogran-
ites (open circles) and granitic pegmatites (filled diamonds) from the 
CPF (data from this work), plotted together with Pampean and Fam-
atinian rocks. All data were recalculated at 475 Ma, corresponding to 
the crystallization age of the leucogranites and pegmatites (Demar-
tis et  al. 2017). The arrow indicates the linear trend of increasing 
87Sr/86Sr and decreasing εNd for leucogranite samples. a Compari-
son between own data and several pre-Famatinian rock types from 
the Sierras de Córdoba (data summarized in Table 3). Data sources 
are from: Rapela et al. (1998a) and Steenken et al. (2011) for amphi-
bolites; Rapela et  al. (1998a) and Escayola et  al. (2007) for orthog-
neisses; Rapela et al. (1998a) and Iannizzotto et al. (2013) for metalu-
minous granitoids; Rapela et al. (1998a) for peraluminous granitoids; 

Rapela et  al. (1998a), Escayola et  al. (2007), Drobe et  al. (2011), 
Steenken et al. (2011) and Iannizzotto et al. (2013) for metasedimen-
tary rocks. b Comparison between own data and Famatinian-aged 
igneous rocks from the different domains of the Famatinian orogen 
(Rapela et al. 2018). Data sources are from: Pankhurst et al. (1998), 
Pascua (1998), Fanning et  al. (2004), Dahlquist et  al. (2007, 2008, 
2012), Casquet et al. (2012), Otamendi et al. (2012) and Alasino et al. 
(2014, 2016) for mafic, intermediate and felsic metaluminous and 
peraluminous igneous rocks from the Central Famatinian Domain; 
Rapela et al. (1998a) for the high-Na G2 group TTG from the Fore-
land Famatinian Domain (data compilation taken from Rapela et al. 
2018)
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Fig. 3d, e) indicate that both monazite and xenotime were 
fractionated. Monazites from granites and pegmatites have 
ThO2 contents as high as 10 and 22% (Zhu and O’Nions 
1999; Cesbron 1989). Among our leucogranite samples, 
the good correlation between Th and total REE contents 
(Fig. 3f), as well as (La/Yb)N ratios, reinforces the hypoth-
esis of monazite fractionation. Moreover, the high HREE 
and Y contents in samples 98 and 118 point to the fractiona-
tion of garnet, which was been described as an accessory 
mineral. In summary, the trace element abundances among 
the leucogranite samples support the importance of crystal 
fractionation processes.

A broadly good correlation is also observed between leu-
cogranite samples with the lowest degree of fractionation 
(i.e., high Sr, Ba, Eu, total REE, Y and Th contents and high 

(La/Yb)N ratios) and the highly primitive isotopic character 
(unradiogenic initial 87Sr/86Sr ratios and radiogenic εNd val-
ues). Samples with crustal isotopic signatures (radiogenic 
87Sr/86Sr and unradiogenic εNd) also coincide with the most 
fractionated ones. These observations argue for combined 
processes including fractional crystallization and contami-
nation/assimilation of crustal rocks, as will be shown in the 
next sections.

Positive Eu anomalies are generally found in poorly to 
moderately evolved pegmatites, such as the Comechingones 
field pegmatites, since K-feldspar, a major constituent of 

Fig. 6   Variations of the a 207Pb/204Pb vs 206Pb/204Pb, and b 
208Pb/204Pb vs 206Pb/204Pb isotope ratios for the leached K-feldspars 
of the leucogranites and granitic pegmatites from the CPF. Crosses 
and open rectangles represent the Pb isotopic compositions of meta-
sedimentary rocks (Drobe et al. 2011) and feldspars from Cambrian 
peraluminous granites (Schwartz and Gromet 2004) of the Sierras de 
Córdoba. Growth curves for different reservoirs in the earth (upper 
and lower crust, mantle and orogene; Zartman and Doe 1981) are also 
shown for reference

Table 4   Whole rock major and trace element compositions of amphi-
bolites from the Sierras de Comechingones

LOI loss of ignition, b.d.l. below detection limit
a ASI (Aluminum saturation index) = [Al/(Na + K + Ca)]molar

JOR01 551 553 554 562

Major elements (wt%)
 SiO2 48.06 47.24 47.89 46.39 48.01
 TiO2 2.11 2.49 1.77 1.04 2.38
 Al2O3 14.29 14.19 16.36 15.52 15.84
 Fe2O3(T) 14.29 14.06 10.06 9.70 10.93
 MnO 0.21 0.20 0.16 0.16 0.17
 MgO 6.64 5.07 5.57 9.19 5.37
 CaO 9.92 11.43 13.73 13.34 11.38
 Na2O 2.56 2.80 2.44 1.84 3.37
 K2O 0.57 0.68 0.54 0.42 0.55
 P2O5 0.16 0.28 0.23 0.08 0.35
 LOI 1.38 1.60 1.23 2.20 1.49
 Total 99.9 100.04 99.98 99.88 99.84

Trace elements (ppm)
 Ga 17 18 10 6 18
 Rb 3 11 5 12 5
 Sr 117 260 306 150 317
 Y 47 38 28 25 38
 Zr 142 182 144 65 225
 Nb 6 15 16 4 18
 Ba 33 130 106 46 70
 La 2 20 6 14 10
 Ce 23 31 14 18 29
 Nd 14 b.d.l 15 10 b.d.l
 Pb b.d.l b.d.l 1 2 0
 Th b.d.l 2 3 1 1
 U 3 1 b.d.l 4 2
 Co 159 165 239 202 300
 Cr 113 71 95 385 156
 Cu 58 56 43 96 59
 Ni 70 53 67 203 110
 Sc 39 36 35 42 32
 V 405 351 270 210 300
 Zn 109 103 68 63 79
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pegmatites, may easily accommodate Eu2+ at the alkali 
site. With fractionation of mainly K-feldspar, Eu is progres-
sively consumed and positive Eu anomalies tend to decrease 
(Larsen 2002). Prominent positive Eu anomalies originate 
through accumulation of feldspar or through retention of 
feldspar during fractionation of LREE- and HREE-enriched 
minerals.

Crustal materials: assimilation and fractional 
crystallization (AFC) processes

Unlike the leucogranites, the pegmatites display radiogenic 
initial 87Sr/86Sr ratios and unradiogenic εNd values, indicat-
ing an almost completely crustal derivation. When plotted 
in the initial 87Sr/86Sr ratios vs. initial εNd values diagram 
(Fig. 5a), pegmatite samples overlap with the available 
isotopic compositions for metasedimentary rocks (schists, 
phyllites, paragneisses and migmatites) from the Sierras de 
Córdoba, suggesting a derivation from these crustal rocks.

The radiogenic initial 87Sr/86Sr ratios and the unradio-
genic initial εNd values of some leucogranite samples (Fig. 5) 
also indicate that crustal materials have been at least partly 
involved in the generation of these melts. The metasedi-
mentary rocks of the Sierras de Córdoba show 87Sr/86Sr(475) 
ratios and εNd(475) values that range from 0.7070 to 0.7213 
(most data range between 0.7140 and 0.7213) and from 
− 3.4 to − 8.1, respectively (original isotopic compositions 
from Rapela et al. 1998a; Escayola et al. 2007; Steenken 
et al. 2010; Drobe et al. 2011, recalculated to the age of 
the leucogranites; Table 3). The most evolved leucogranite 
sample (sample 133) shows an initial isotopic composition 
close to the range shown by the metasedimentary rocks of 
the Sierras de Córdoba (Table 2), indicating that these rocks 
were involved in the evolution of the leucogranite melts.

The radiogenic initial 87Sr/86Sr ratios and the unra-
diogenic initial εNd values of some leucogranite samples 
lead us to propose a combined assimilation and fractional 
crystallization process (AFC) as plausible processes that 
could explain the element and isotope compositions of 
the leucogranites. To test both, fractionation and crus-
tal contamination, an AFC model was performed using 
the DePaolo (1981) equations. Estimating the degree of 
contamination by AFC processes (e.g. DePaolo 1981) 
depends critically on the model specific variables and the 
composition of the contaminant. From the trend of the 
Nd and Sr isotope data, it is apparent that the contami-
nant must have rather radiogenic Sr but unradiogenic Nd 
isotopic compositions, in which the composition of the 
contaminant is εNd ≤ − 3 and 87Sr/86Sr ≥ 0.717. Accord-
ing to the available isotopic data, the Pampean migma-
tites, high-grade gneisses and schists from the Sierras de 
Córdoba show these isotopic compositions (recalculated 
to 475 Ma; Fig. 5a). The involvement of these rocks in 

the origin of the leucogranites was suggested in an ear-
lier contribution (Demartis et al. 2017), in which strong 
similarities in the age distribution patterns between the 
inherited zircons from leucogranites and detrital zircons 
from the Pampean metasedimentary rocks were reported. 
In the 207Pb/204Pb vs. 206Pb/204Pb diagram (Fig. 6a), the 
metasedimentary rocks (Drobe et al. 2011) and feldspars 
from the Cambrian peraluminous granites (Schwartz and 
Gromet 2004) of the Sierras de Córdoba plot close to the 
upper crust and orogene growth curves (Fig. 6a, b), as well 
as leucogranite and pegmatite feldspars analyzed in this 
study, pointing out that the metasedimentary rocks of the 
Pampean metamorphic belt were involved in the melting 
and assimilation processes to generate the leucogranites 
and pegmatites.

Assuming that the leucogranites owe their radiogenic Sr 
and unradiogenic Nd isotope composition to assimilation of 
the metasedimentary rocks from the Pampean metamorphic 
belt, a high degree of assimilation is necessary. In addition, 
the ratio of mass assimilated to mass fractionated must be 
set at a rather low value (r ≤ 0.3) because the leucogranites 
are highly fractionated rocks and large masses of assimilated 
material is thus precluded.

The bulk partition coefficient D was calculated from the 
equation D = ∑KdiXi, where Kdi is the partition coefficient 
of the element between mineral i and the melt, and Xi is the 
proportion of the mineral i in the crystallizing solid. There is 
no field evidence of rocks that represent cumulates crystal-
lized from the original melt, thus D cannot be constrained by 
direct observations of rocks in the study area. Nonetheless, 
petrographic descriptions and geochemical data indicated 
the fractionation of plagioclase and monazite. Bulk partition 
coefficients (D) of 2 and 1.5 for Sr and Nd, respectively, are 
suitable for a fractionating solid composed by plagioclase, 
quartz and some other accessory phases, such as monazite 
and xenotime (Philpotts and Schnetzler 1970; Schnetzler and 
Philpotts 1970; Stepanov et al. 2012). The rest of the input 
parameters needed for the AFC models, such as isotope 
ratios and Sr and Nd contents of the original magma and 
the assimilated wallrock, were constrained based upon the 
available isotope data (Table 3) for Pampean amphibolites 
and metasedimentary rocks, respectively.

Based on the above discussed parameters (isotope ratios 
and Sr and Nd contents of the original magma and the 
assimilated wallrock, bulk partition coefficients, and the 
ratio of mass assimilated to mass fractionated), different 
AFC curves were tested. A spectrum of solutions limited by 
the two curves shown in Fig. 7 were found to explain the iso-
tope compositions of the leucogranites. The final parameters 
used to construct these curves are summarized in Table 5 
and briefly shown in Fig. 7. Although there is some uncer-
tainty in some parameter, such as the chosen bulk partition 
coefficients for Sr and Nd which can only be qualitatively 
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assessed, the most contaminated sample with 2.1 ppm Nd 
(143Nd/144Nd: 0.511866) and 41 ppm Sr (87Sr/86Sr: 0.71708) 
corresponds to approximately modelled Nd (143Nd/144Nd: 
0.511846) and Sr (87Sr/86Sr: 0.71702) abundances of 14 and 
39 ppm, which seems to be a reasonably good fit (Fig. 7). 
This also corresponds to F ~ 0.16 (remaining fraction of the 
original melt, in this case 16%) for the most contaminated 
sample. Low melt fractions are typical for highly evolved 
leucogranites. For a more extreme isotope composition 
of the contaminant and/or higher r-values, the amount of 
assimilated material is smaller. In summary, the linear trend 

and the large variation in the isotope compositions of the 
leucogranites are best constrained by assuming AFC pro-
cesses with remaining melt fractions between ~ 0.15 and 0.95 
(Fig. 7).

Leucogranites: anomalous isotopic compositions 
in the Famatinian orogen

In the continental crust, magmas and rocks of different ori-
gins (mantle vs crustal) are usually involved in processes like 
magma mixing, contamination, assimilation, etc., which lead 

Fig. 7   Initial εNd vs. initial 87Sr/86Sr diagram for the leucogran-
ites and granitic pegmatites from the CPF (recalculated at an age of 
475 Ma; Demartis et al. 2017), showing the AFC curves. Tick marks 
represent F values (DePaolo 1981). Parameters used to perform the 
models are summarized in Table 5. Compositional fields of pre-Fam-

atinian rocks from the Sierras de Córdoba are the same as in Fig. 4, 
and are taken from: Rapela et al. (1998a) and Steenken et al. (2011) 
for amphibolites; and Rapela et  al. (1998a), Escayola et  al. (2007), 
Drobe et  al. (2011), Steenken et  al. (2011) and Iannizzotto et  al. 
(2013) for metasedimentary rocks (data summarized in Table 3)

Table 5   Parameters used to 
model AFC processes for the 
origin of leucogranites

The following equations taken from DePaolo (1981) were used for the AFC models: 
�
m
= �

0

m
+

(

�
a
− �

0

m

)

(

1 −
C
0

m

C
m

F
−Z

)

 and F−Z
= F

(

−
r−1+D

r−1

)

�
m
 is the isotope ratio ( 

87
Sr

86Sr
 or 

143
Nd

144Nd
 ) in the final magma, �0

m
 is the isotope ratio in the original magma, �

a
 is 

the isotope ratio in the assimilated wallrock at 475 Ma, C0

m
 is the concentration of the element (Sr or Nd) in 

the original magma, C
m
 is the concentration of the element in the final magma, F is the remaining magma 

fraction, r is the assimilation to crystallization ratio, D is the bulk solid/liquid partition coefficient for the 
element (Sr or Nd) between the crystallizing phase and the magma
a Curves A and B refer to AFC curves drawn in Fig. 6

87Sr/86Sr 143Nd/144Nd [εNd]

Concentration of the element in the original magma ( C0

m
) 177 ppm 30 ppm

Isotope ratio in the original magma ( �0
m
) Curve Aa 0.7047 0.512180 [+ 3.0]

Curve Ba 0.7046 0.512046 [+ 0.4]
Concentration of the element in the assimilated wallrock 149 ppm 32 ppm
Isotope ratio in the assimilated wallrock ( �

a
) Curve Aa 0.7210 0.511821 [− 4.0]

Curve Ba 0.7180 0.511750 [− 5.4]
Bulk solid/liquid partition coefficient (D) 2.0 1.5
Assimilation to Fractional Crystallization ratio (r) 0.3
Age (in Ma) 475
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to negative arrays in the 87Sr/86Sr vs. εNd diagram (Carter 
et al. 1978; McCulloch and Chappell 1982; Hildreth et al. 
1991; Davidson and de Silva 1992; Ort et al. 1996; Healy 
et al. 2004; Troll et al. 2005; Wang et al. 2016). These arrays 
are the result of melting of mixed sources with contrasting 
isotope compositions in orogenic contexts (McCulloch and 
Chappell 1982; Chappell and White 1992; Collins 1996), 
or hybridization/contamination of mantle- or lower crust-
derived melts with crustal rocks having heterogeneous iso-
topic compositions (Carter et al. 1978; Hildreth et al. 1991; 
Davidson and de Silva 1992; Ort et al. 1996; Healy et al. 
2004; Troll et al. 2005; Wang et al. 2016).

When plotted together in the εNd vs. 87Sr/86Sr diagram 
(Fig. 5b), the igneous rocks of Famatinian age that crop 
out in the Sierras Pampeanas show isotopic compositions 
with a wide spread in both initial 87Sr/86Sr ratios and εNd 
values, the great majority of which range between 0.7059 
and 0.7187, and + 0.3 and − 8.7, respectively (Rapela et al. 
1998a, 2018; Llambías et al. 1998; Pankhurst et al. 1998, 
2000; Otamendi et al. 2012; Dahlquist et al. 2008, 2013; 
Grosse et al. 2011; Ducea et al. 2017; Alasino et al. 2016; 
Walker et al. 2015, and references therein). The whole data-
set of Famatinian-aged igneous rocks resembles a concave 
upwards hyperbola with contrasting endmembers, suggest-
ing that mixing, hybridization and/or contamination pro-
cesses involving mantle- and crustal-derived materials have 
taken place. Such processes have been proposed by several 
authors for the Famatinian orogen (Casquet et al. 2012; Cris-
tofolini et al. 2012; Walker et al. 2015; Otamendi et al. 2017; 
Suzaño et al. 2017; Rapela et al. 2018; Weinberg et al. 2018; 
Morosini et al. 2019; Camiletti et al. 2020).

From the comparison between the whole dataset of 
the Famatinian-aged igneous rocks and the linear trend 
defined for the leucogranites samples in the 87Sr/86Sr vs. 
εNd diagram (Fig. 5b), two observations can be pointed out. 
First, the most primitive leucogranite samples show less 
radiogenic87Sr/86Sr initial ratios and more radiogenic εNd 
values than almost any other rock, except for the tonalite-
trondhjemite-granodiorites from the Sierras de Córdoba and 
a few basic rocks from the Sierra de Valle Fértil and the 
Famatina system. Second, the rest of the leucogranite sam-
ples that define the linear trend plot above the compositions 
available for the Famatinian igneous rocks of the Sierras 
Pampeanas (Fig. 5b), resulting in magmas with anomalous 
isotopic compositions in the context of the Famatinian oro-
gen. According to the previously discussed models, this 
particular linear trend and the anomalous isotopic composi-
tions of the leucogranites are here proposed to be explained 
by the following sequence of events: (1) the partial melt-
ing of country rocks with primitive isotopic compositions 
(i.e. amphibolites) in water-fluxed conditions generating 
unexposed granodiorite melts, and (2) evolution of these 

granodioritic melts by fractional crystallization towards the 
compositions of the leucogranites, involving the assimilation 
of crustal materials.

Water‑fluxed melting and the role of the Guacha 
Corral shear zone

Another topic to be addressed is the melting conditions of 
amphibolites in the context of the Famatinian orogeny and 
the local geological setting. As previously discussed, dehy-
dration melting of amphibolites would have required high 
P–T conditions giving rise to melts with tonalitic composi-
tions. On the contrary, water-fluxed melting is expected to 
be a more plausible alternative not only for the compositions 
of the resulting melts but also for the melting conditions 
at which it took place. According to geodynamic models, 
the Sierras de Córdoba have been located in the foreland 
of the Famatinian orogen, almost 200 km away from the 
arc (Rapela et al. 2018; Weinberg et al. 2018). Extensive 
dehydration melting of amphibolitic rocks would have 
required a heat transfer that would have also caused a much 
more extensive melting of the metamorphic basement of the 
region during Famatinian times. Instead, water-fluxed melt-
ing could have been limited to a much more restricted zone 
into which fluids have migrated to. If this is true, the origin 
of fluids and their migration pathways must be constrained.

Since there are no outcrops of migmatites of Famatin-
ian age in the CPF, the origin of fluids and the specific 
metamorphic reactions are difficult to assess; however, the 
pathways for fluid migration can be inferred from the geo-
logical framework. The structural and microstructural evi-
dence pointing out to a continuous deformation from the 
submagmatic to subsolidus conditions, along with the coin-
cidence between the orientation of the main structures and 
the sense of shearing of the leucogranites, pegmatites and 
host mylonites in the CPF, indicates that the leucogranites 
and pegmatites were emplaced syn-kinematically with the 
main deformational event of the Guacha Corral shear zone 
(Demartis et al. 2011, 2017). As was commented in previ-
ous sections, this shear zone is a first-order crustal-scale 
structure that juxtaposed terranes with different metamor-
phic histories, and with up to 10 km width in its thickest 
portion. Such a structure has probably exerted a crucial role 
in the migration of fluids from the enclosing metamorphic 
terranes into amphibolitic and metasedimentary rocks that 
were at suprasolidus conditions, thus triggering their water-
fluxed melting.

Weinberg and Hasalova (2015) and Butler et al. (1997) 
summarized and emphasized the effects of active shear 
zones and thrusts in the migration of regional fluids and 
water-fluxed melting of rocks that were at or below their 
solidus conditions. For example, the Karakoram shear zone, 
NW India, was deemed as a major structure into which fluids 
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migrated due to local and regional pressure gradients, trig-
gering water-fluxed melting on metasedimentary protoliths 
and calc-alkaline magmatic rocks (Reichardt et al. 2010; 
Weinberg and Mark 2008; Reichardt and Weinberg 2012). 
Melting processes were coeval with folding and shearing 
of the Karakoram shear zone producing dike swarms of 
leucogranites parallel to the shear plane, interpreted as a 
transfer zone that sourced the Karakoram batholith in higher 
structural level (Reichardt and Weinberg 2012).

Similarly, we infer that the Guacha Corral shear zone 
could have acted as an efficient pathway for fluids to migrate, 
thus triggering water-fluxed melting and generating the leu-
cogranite and pegmatite melts. Moreover, numerous peg-
matitic and hydrothermal quartz veins extensively crop out 
within the Guacha Corral shear zone (Demartis et al. 2010; 
Morteani et al. 2016; unpublished data). The occurrence of 
these veins is almost restricted to the shear zone and they are 
practically absent outside it, thus suggesting that the fluid 
migration was enhanced by the deformation of this crustal-
scale structure. Additionally, as was briefly summarized in 
previous sections, the deformation along the Guacha Corral 
shear zone has also efficiently contributed magmas to flow 
towards higher crustal levels by generating local and tem-
poral spaces in such a contractional deformational setting 
(Demartis et al. 2011). These ideas suggest a close relation-
ship among deformation, anatexis, magma generation and 
transport through such a crustal-scale structure.

Summary and conclusion

Field relationships, petrographic observations and major, 
trace element and isotope geochemistry have been com-
plemented to assess the origin of the leucogranites and 
pegmatites from the CPF in the Sierras Pampeanas of 
Córdoba, central Argentina. The leucogranites and peg-
matites are strongly peraluminous with high SiO2 and 
alkali contents and low CaO, FeO and MgO abundances. 
Strontium, Nd and Pb isotopic compositions (radiogenic 
initial 87Sr/86Sr and unradiogenic εNd values) indicate that 
pegmatites were derived from partial melting of the meta-
sedimentary protoliths. Unlike pegmatites, leucogranites 
display particular Sr and Nd isotopic compositions that 
define a linear trend from samples with primitive isotopic 
character (initial 87Sr/86Sr: ~ 0.7047 and initial εNd: + 2.0) 
to samples with inferred higher proportion of evolved crus-
tal-derived materials (initial 87Sr/86Sr: ~ 0.7171 and initial 
εNd: − 3.1). This trend plots above the vast majority of the 
available isotopic compositions for different rock types 
from the Sierras de Córdoba, and overlaps with almost 
no other igneous rocks of Famatinian age. The primitive 
character of some leucogranites and the particular isotopic 

trend of all samples are here explained by the following 
evolutionary model. Water-fluxed melting of amphibolites 
gave rise to currently unexposed granodioritic melts that 
evolved by fractional crystallization reaching composi-
tions close to that of the leucogranites. The assimilation of 
different amounts of crustal materials along with fractional 
crystallization (AFC) yielded leucogranite melts with par-
ticular isotope compositions.

According to the deformational context of the Guacha 
Corral shear zone in which the leucogranites and pegma-
tites were emplaced, we suggest that water-fluxed melt-
ing of the amphibolites and metasedimentary rocks was 
triggered by fluid migration from the surrounding rocks 
into this crustal-scale shear zone due to pressure gradi-
ents produced by deformation. This led to the generation 
and evolution of melts from which the leucogranites and 
pegmatites derived. As was previously stated, the con-
tinued deformation occurred in the Guacha Corral shear 
zone could also have promoted the movement of the melts 
through the crust. Thus, our findings obtained in this 
paper, along with previously published results, reinforce 
the idea of feedback relationships among deformation, 
anatexis, magma evolution and mass transfer throughout 
the crust, in the context of a crustal-scale shear zone, such 
as the Guacha Corral shear zone in the foreland of the 
Famatinian orogen.
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