
Gondwana Research 27 (2015) 258–280

Contents lists available at ScienceDirect

Gondwana Research

j ourna l homepage: www.e lsev ie r .com/ locate /gr
Multi-pulse cotectic evolution and in-situ fractionation of calc-alkaline
tonalite–granodiorite rocks, Sierra de Velasco batholith,
Famatinian belt, Argentina
Laura Iudith Bellos a,⁎, Antonio Castro b, Juan Díaz-Alvarado c, Alejandro Toselli a

a INSUGEO-CONICET, Facultad de Ciencias Naturales e IML, UNT, Miguel Lillo 205, CP 4000, San Miguel de Tucumán, Argentina
b Unidad Asociada de Petrología Experimental, CSIC-Universidad de Huelva, Campus El Carmen, 21071 Huelva, Spain
c Departamento de Geología, Universidad de Atacama, Copayapu 485, Copiapó, Chile
⁎ Corresponding author.
E-mail address: laurabellos@yahoo.com.ar (L.I. Bellos)

1342-937X/$ – see front matter © 2013 International Ass
http://dx.doi.org/10.1016/j.gr.2013.09.019
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 4 April 2013
Received in revised form 4 September 2013
Accepted 14 September 2013
Available online 22 October 2013

Handling Editor: Z.M. Zhang

Keywords:
Famatinian arc
Lower Ordovician
Cotectic trend
Sierra de Velasco batholith
Gondwana margin
The study of a magmatic series composed of Qtz-diorites to granites of the south part of the Sierra de Velasco
batholith (Famatinian arc) in Argentina reveals that most rocks follow a coherent cotectic trend, which is
comparable to a cotectic line of liquids (CLL) traced from experimental liquid compositions of calc-alkaline
(andesitic) systems. The identification of cotectic relationships is crucial to interpret themeaning of geochemical
variation trends in termsof phase equilibria.We show the contrast between typical CLL trendsdefined by rocks of
the Palanche pluton and rocks departing from CLL array, which are interpreted as resulting from local processes
of bulk assimilation of a pelitic host. Zircon U–Pb age determinations with SHRIMP support a coeval zircon
crystallization record from of about 480 to 450 Ma of samples plotting on the CLL. The absence of intrusive
contacts between these coeval cotectic granites implies that they were fractionated in situ at the level of
emplacement. Other younger pulses (442 ± 5 Ma), also fall on the CLL, denoting that uniform processes of
melting and fractionation were operative for at least 40 Ma at the same locus at the active continental margin
of Gondwana. During this protracted magmatic activity, sporadic pulses of mafic magma were injected (e.g., at
456 ± 7 Ma), revealing a complex process of pulse amalgamation in the building up of the batholith. These
mafic magma pulses may have contributed to basification of the host granitoid by enclave dissolution at the
low pressure of emplacement. The reported geochemical trends, as true CLL, together with observed textures
and crystallization sequences, point to a parental intermediate system of andesite composition (SiO2 N 55 wt.%)
with a water content of about 2.5 wt.% H2O, similar to those formed by sediment–basalt subducted mélanges. A
sublithospheric origin for the mafic precursor is proposed in agreement with prediction by recently published
thermo-mechanical modeling and experimental phase equilibria.

© 2013 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The Famatinian magmatic arc system in Northern Argentina
represents the best preserved paleo-arc magmatic system of those
formed at the margin of Gondwana during Ordovician. Particular
geological setting, in relation to active tectonics and lithosphere
duplication in Northern Argentina, has promoted fast crustal elevation
and erosion leading to the surface large exposures of the innermost
areas of this arc magmatic system (e.g., Otamendi et al., 2009a,b,
2012). Several Sierra alignments in the Pampean region of Northern
Argentina are characterized by large exposures of granite batholiths
that were mostly formed along the Paleozoic (Rapela et al., 1992;
Pankhurst et al., 1998, 2000; Rossi et al., 2002). The Famatinian
orographic system, with highs over 6000 m (General Belgrano peak is
.
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6250 m high) and the Sierra de Velasco mountains (up to 4200 m), in
Catamarca and La Rioja provinces, together with the Valle Fértil and La
Huerta Mountains (2300 m) in San Juan province, offer an excellent
geological laboratory to study deep-seated processes in the generation
of arc magmatic systems. This study concerns with one of these
large Paleozoic composite batholiths that were built at the Gondwana
active margin in South America. It is denominated Sierra de Velasco
batholith (from here SVB) and forms part of the Famatinian magmatic
arc.

Lower Ordovician granites of calc-alkaline composition [I-type,
according to the granite classification scheme of Chappell and White
(1974)], almost identical to the Cordilleran batholiths formed during
Mesozoic and Cenozoic along theAmerica's activemargin, are dominant
in the Famatinian paleo arc (Saal et al., 1996; Toselli et al., 1996;
Saavedra et al., 1998; Dahlquist et al., 2005; Otamendi et al., 2009a,b,
2012). However, other granites of S-type affinity (Toselli et al., 2000;
Báez et al., 2005; Grosse and Sardi, 2005; Toselli et al., 2005; Grosse
et al., 2009) and transitional terms between S- and I-type are also
lished by Elsevier B.V. All rights reserved.
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present (Grosse et al., 2011). Continuous exposures along 100 s km of
fresh rocks allow us to study deep-seated intrusions (e.g., Valle Fértil
batholith or paleo arc; Pankhurst and Rapela, 1998; Pankhurst et al.,
1998; Otamendi et al., 2009a,b, 2012; Castro et al., 2014) and to explore
processes of magma evolution during crystallization in deep-seated
magma chambers. Fundamental processes that are often invoked in
granite petrogenesis on the basis of geochemical relations compared
with expected results from models (e.g. magma mixing assimilation,
crustal melting, etc.), can be tested by the study of detailed sections in
these well-exposed batholiths.

A major problem about the generation of calc-alkaline batholiths in
active continental margins concerns the high temperatures (N1000 °C)
required to stabilize Ca- and Mg-rich silicic melts (63–70 wt.%
SiO2; 4–6 wt.% CaO; 1–3 wt.% MgO) at deep-crustal pressures
(Castro et al., 2013). These temperatures exceed the maximum values
predicted by thermal models even if advection by mantle-derived
basalts is hypothetically considered in models (Annen et al., 2006). The
crystallization history compared with phase equilibrium determinations
for water-undersaturated systems is in accordance with low initial
water contents (b2 wt.% H2O) implying high temperatures (N1000 °C)
measured on XH2O-T sections (Maaloe and Wyllie, 1975; Naney,
1983). Two possible solutions are often invoked to skip the paradoxical
implications mentioned above of calk-alkaline granite magma
generation. The first solution is that magmas contained high water
contents and, consequently they were liquid systems at moderate T of
about 850 °C that are within realistic values in intracrustal thermal
models (e.g., Bea et al., 2003; Bea, 2012) and are supported by mineral
thermobarometry in lower crust granulite xenoliths (Castro et al.,
2014 and references therein). The second solution is that calc-alkaline
granites never were liquids but crystal-richmushes inwhich the crystal
fraction represents the solid residue (restites) from a partially molten
crustal source, transported by restite entrainment (Clemens et al.,
2011). In the latter case, the composition of the liquid fraction (ca.
50 vol.%) can be close to the granite minimum and, hence, can be stable
at moderate T within the range of 650–850 °C, depending on the water
content. Mafic minerals (biotite, hornblende, pyroxene, etc.) and Ca-
rich plagioclase form the solid fraction that is assumed to be dragged
from the source.

However, these two hypothetical solutions fail to account for
the observed textural relations in calc-alkaline granitoids. First, they
are characterized by water undersaturation and scarcity of pegmatites,
as it is broadly recognized in Cordilleran batholiths (e.g., California:
Presnall and Bateman, 1973; Patagonia: Castro et al., 2011), far from
the water contents (N5 wt.%) required to set the system at its liquidus
at deep crustal pressure. Initial water contents of about 5 wt.%
will imply saturation at the pressure of emplacement (b200 MPa for
most cordilleran-type batholiths) and early crystallization of hornblende
as the system liquidus phase. Second, the common mafic minerals,
namely biotite and amphibole, show textural relations of magmatic
crystallization evidencing that Fe and Mg were components dissolved
in the liquid and not transported by magmas as entrained restitic
minerals. The implication is that water content reached the required
value to stabilize hydrous minerals (4 wt.% water at 200 MPa; Naney,
1983) at late stages in the magmatic evolution, implying that the initial
water content of the system was much lower and, hence, much hotter
than expected if it is water-saturated at the liquidus.

Moreover, there are several arguments against granitoids as crystal
mushes derived from an incompletely molten crustal source. Indirect
arguments are, for instance, (1) the presence of volcanic equivalents
(dacites and rhyolites) in which phenocrysts grew from a liquid system
in a shallow magma chamber (Pichavant et al., 1988a,b; Pichavant and
Macdonald, 2007) and (2) the formation of early chilledmargins eroded
and transported as autholiths (Paterson and Vernon, 1995; Bea, 2010).
Direct support on high intrusion temperature has been supplied in the
neighboring Ordovician Valle Fértil batholith (Castro et al., 2014),
through the study of partially molten metagabbro inclusions in Qtz-
diorites, recording values of T N 1000 °C in Opx-bearing trondhjemitic
veins.

Consequently, the problem of calc-alkaline magma generation
is mostly related to phase equilibria and thermal requirements.
In case that these magmatic systems represent water-poor liquids,
the temperatures will exceed any crustal thermal model and the
intra-crustal origin of magmas can be seriously questioned (see
Castro, 2013). Here we show ages and compositional relationships
of a Cordilleran-type batholith from the Famatinian (Ordovician) arc
system in South America. Relations are unambiguously related to
crystallization from a liquid system. Some rock trends are identified as
cotectic liquids that fairly follow cotectic liquid lines (CLL), which is
not compatible with other possible magmatic evolution trends due
to self-assimilation of cumulate crystals, crystal-melt suspensions or
local contamination with country rocks.

Selected outcrops of the SVB have been studied for geochronology
and whole rock geochemistry. The aim of this study is to present the
whole petrology, geochemistry and the first precise geochronological
data of the southern part of the Sierra de Velasco batholith, further
more to decipher the complex geochemical and dynamical evolution
of granitic magmas, the identification of cotectic and non-cotectic
variations, among other processes leading to magma differentiation,
and to test multi-pulse formation of batholiths (Coleman et al., 2004;
Glazner et al., 2004; Paterson et al., 2011).

2. Geological setting

The SVB batholith is one of the several granite–tonalite batholiths
that conform the Famatinian magmatic arc (Fig. 1), together with
associated Lower Paleozoic volcanic and volcanoclastic sequences.
The magmatic arc was built along the active proto-Andean margin
of western Gondwana in response to the eastward subduction of a
paleo-Pacific oceanic plate (e.g., Pankhurst and Rapela, 1998; Lucassen
and Franz, 2005; Miller and Söllner, 2005; De los Hoyos et al., 2011).
At the north branch of the arc, in the Puna and Famatinian System,
Ordovician volcanic rocks are interbedded with sedimentary sequences
(Toselli et al., 1990; Mannhein and Miller, 1996; Toselli et al., 1996;
Pankhurst et al., 1998; Coira et al., 1999; Pankhurst et al., 2000;
Cisterna, 2001; Viramonte et al., 2007), whereas in the south branch,
deeper levels are exposed with granite–tonalite and associated basic
rocks outcropping as large composite batholiths (Pankhurst et al.,
2000; Murra and Baldo, 2006; Otamendi et al., 2009a,b, 2012; Castro
et al., 2014).

Similar to other Cordilleran-type, magmatic arcs [e.g., theMesozoic–
Cenozoic Patagonian batholith (Pankhurst et al., 1999; Hervé et al.,
2007; Castro et al., 2011)], the Famatinian arc is formed by batholiths
of dominant calc-alkalic and calcic, I-type composition, with small
bodies of peraluminous S-type plutons (granite types after Chappell
and White (1974)) in the western part of the arc. Towards the east,
the arc is characterized by the presence of dominant S-type plutons
with transitional terms to typical I-type ones (Grosse et al., 2011).
The Famatina System (Aceñolaza et al., 1996; Saavedra et al., 1998),
the Ulapes–Los Llanos batholith (Pankhurst et al., 1998, 2000) and
the Sierras de Valle Fértil–La Huerta (Otamendi et al., 2009a,b; Castro
et al., 2014) form the metaluminous I-type belt, whereas Fiambalá,
Capillitas, Zapata, part of Velasco and Mazán ranges (Toselli et al.,
1996; Rossi et al., 2002) form the eastern belt of peraluminous granites.

The SVB is part of a mountain system called Sierras Pampeanas in
Northwestern Argentina. The evolution of Sierras Pampeanas during
the Upper Proterozoic and Paleozoic is characterized by two main
periods of convergence along the proto-Pacific margin of Gondwana
that generated two main orogenic cycles: the Pampean (~580–
520 Ma) and Famatinian (~490–350 Ma) cycles (Aceñolaza and
Toselli, 1981). Geologically, Sierras Pampeanas consist in a series of
basement blocks that were exhumed during the Neogene by high-
angle, N–S trending reverse faults (González Bonorino, 1950; Jordan



Fig. 1. General geological map of the central part of the Sierras Pampeanas of NW Argentina, modified from Grosse et al. (2011). Precordillera terrane, Famatinian magmatic arc and
Pampean orogeny have been delimited. Dotted rectangle indicates location of Sierra de Velasco batholith as part of Famatinian magmatic arc.
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and Allmendinger, 1986; Isacks, 1988). Metamorphic and intrusive
rocks of Precambrian to Lower Carboniferous age form these blocks
almost entirely. The SVB was considered until recently as consisting
almost entirely by peraluminous granitic rocks of Early Ordovician age
(e.g., Pankhurst et al., 2000). However, more recent studies in the Sierra
have shown that it is conformed by numerous plutons with ages
ranging from Ordovician to Early Carboniferous (see Báez and Basei,
2005; Dahlquist et al., 2006; Toselli et al., 2007; Grosse et al., 2009).
Peraluminous, S-type granitic rocks crop out in the central and northern
parts of the Sierra, whereas metaluminous, I-type granitoids form the
southern part. The relations between S- and I-type plutons are among
themost intriguing features of this Lower Ordovicianmagmatic system,
where Grosse et al. (2011) recognized transitional I/S-type granitoids.
The origin of I-type granites and the relations with transitional terms
will be discussed in this paper.

3. The Sierra de Velasco batholith

The SVB is almost entirely composed of granite–tonalite rocks
forming a large batholith of 180 km length, flanked by high-angle
reverse faults (Fig. 2a). A pre-intrusion metamorphic basement is only
Fig. 2. (a) General geological map of the Sierra de Velasco batholith. Dotted rectangle indicates
data reported in Table 1, fromDe los Hoyos et al. (2011), Pankhurst et al. (2000), Höckenreiner e
area in southern sector of the Sierra de Velasco batholith. Location of new analyzed samples u
locally represented by small outcrops of metasedimentary rocks along
the eastern flank of the batholith. These metasedimentary rocks
can be correlated with La Cébila Formation (González Bonorino,
1951) in the Sierra de Ambato, to the northeast. La Cébila Formation
is essentially metapelitic and is formed by schists, phyllites and
subordinated interbedded quartzites. The depositional age of this unit
can be constrained between ~530 Ma, which corresponds to the
youngest zircons dated by Finney et al. (2003) and Rapela et al.
(2007), and ~480 Ma, corresponding to the oldest granitoids of the
sierras of Velasco and Mazán.

Granitic rocks conform many deformed and undeformed bodies
ranging in age from Early Ordovician to Lower Carboniferous. Early
Ordovician granite intrusions are represented in the NW of the SVB by
the Antinaco Orthogneiss (Toselli et al., 2000). Several U–Pb age
determinations are available on Early Ordovician S-type granitoids
in the SVB; De los Hoyos et al. (2009) report two ages (conventional
U–Pb on monazite) for S-type granitoids from the central-eastern
flank: 476.4 ± 1.5 Ma for a biotite–muscovite granitoid and 465 ± 12
for a biotite–cordierite granitoid (Table 1). In the south part of the Sierra
(Fig. 2a), Grosse et al. (2011) recognize transitional I/S-type granitoids
that consist of Bt, Bt +Ms and subordinate Bt + Ttn + Aln + Ep
location of the study area. Green triangles indicate location of previous geochronological
t al. (2003), Grosse et al. (2009) andDahlquist et al. (2006). (b) Geologicalmapof the study
sed in this study and the U–Pb SHRIMP ages obtained are shown. See text for details.
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Table 1
Previous geochronological data of Velasco batholith.

Area Age (Ma) Method Rock Ref.

La Rioja region 476.4 ± 1.5 Conventional U–Pb on Mnz Bt +Ms granitoids 1
La Rioja region 465 ± 12 Conventional U–Pb on Mnz Bt + Crd granitoids 1
La Puerta 481 ± 2.8 U–Pb SHRIMP on Zrn Transitional I/S-type granitoids 2
La Rioja region 461 ± 11 Conventional U–Pb on Zrn Transitional I/S-type granitoids 1
Copacabana range 402 ± 2 Sm–Nd on Grt Mylonites (shear zone) 3
Sanagasta granite 352.7 ± 1.4 Conventional U–Pb on Mnz Bt ±Ms± Ttn ± Aln porphiric granites 4
Huaco granite 350 ± 5 Conventional U–Pb on Mnz Bt +Ms porphiric granites 4
Huaco granite 358 ± 5 Conventional U–Pb on Mnz Bt +Ms porphiric granites 4
San Blas pluton 340 ± 3 U–Pb SHRIMP on Zrn Bt +Ms porphiric granites 5

Data sources: 1. De Los Hoyos et al. (2011), 2. Pankhurst et al. (2000), 3. Höckenreiner et al. (2003), 4. Grosse et al. (2009), and 5. Dahlquist et al. (2006). For localization of samples see
Fig. 2a.
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moderately peraluminous monzogranites, granodiorites and tonalites
(abbreviations minerals after Kretz (1983)). Two ages have been
determined for these rocks: 481 ± 3 Ma (U–Pb SHRIMP on zircon)
by Pankhurst et al. (2000) and 461 ± 11 Ma (conventional U–Pb on
zircon) by De los Hoyos et al. (2009). The Early Ordovician granitoids
are cut by numerous NNW–SSE trending shear zones, which also affect
other ranges further to the north (e.g. Höckenreiner et al., 2003; López
et al., 2006). These shear zones consist of gneissic granites, cataclasites,
protomylonites and mylonites (Durand and López, 1996). The shear
zones of the SVB have not been dated. However, age determinations
have been performed on similar mylonites located in the Sierra de
Copacabana that are a continuation of the Velasco shear zones;
Höckenreiner et al. (2003) dated syntectonically grown garnets from
mylonites and obtained an age of 402.0 ± 2.0 Ma by the Sm–Nd
method. Lower Carboniferous magmatism in the SVB is represented
by several plutons in the central-eastern and northern sectors of the
Sierra. These post-tectonic Lower Carboniferous granites intruded
Ordovician granitoids (Antinaco Orthogneiss) and cross-cut the shear
zones (e.g., Dahlquist et al., 2006; Grosse et al., 2009; Dahlquist et al.,
2010; Fig. 2a; Table 1). They are high-K, peraluminous, porphyritic
syeno- and monzogranites related with a post-orogenic to anorogenic
setting (Grosse et al., 2011).

Granitoids of the south branch of SVB were described by Bellos
(2005). These are dominantly Bt–Hbl-bearing granodiorites and
tonalites and subordinated Bt-bearing monzogranites. They contain
mafic enclaves and synplutonic dykes. These rocks are well exposed at
the southern tip of the SVB, forming the Palanche pluton (Fig. 2b) and
constitute the main focus of this petrologic/geochronologic study. The
southern tip of the SVB is constituted by four granitic bodies, namely
Ampiza tonalite, Cueva del Chacho granodiorite, San Cristóbal granite
and Palanche pluton (Bellos et al., 2010; Fig. 2b).

Host rocks to batholith intrusion are very scarce. The plutons contain
xenoliths (2 to 50 cm length) of fine grained (metasedimentary) rocks
formed by Qtz, Kfs and Bt. In particular, the San Cristóbal granite
contains quartzite xenoliths and small hornfels blocks with the
characteristic metamorphic assemblage Qtz, Kfs, Bt, Cord, Sill.
These metamorphic rocks originated from psamo-pelitic sediments
of the La Cébila Formation.
4. Analytical techniques

In this paper we describe the four granitic bodies that constitute the
south part of the SVB, focusing on the Palanche pluton themain sampling
for the geochemical and geochronological study, and field work in order
to explore the intrusive relations (Fig. 2b). The aim of this sampling was
to have a complete trend of rocks, from the most mafic units to the
more felsic ones. Knowing the coupling or decoupling between ages
and magmatic processes is essential to decipher the complex process of
batholith generation and the potential implication on large scale
processes of new crust generation at active continental margins.
4.1. Whole rock and microprobe analyses

18 samples were analyzed at the universities of Oviedo and Huelva
(Spain) by XRF and ICP-MS respectively. At Oviedo, major elements
and Zr were analyzed by X-ray fluorescence (XRF) using glass beads.
The precision of the XRF technique is better than ±1.5% relative. At
Huelva, trace elements, including rare earth elements (REE), were
analyzed by inductively coupled plasma mass spectrometry (ICP-MS)
with an HP-4500 system, following digestion in an HF+ HNO3 (8:3)
solution, drying and further second dissolution in 3 ml HNO3. The
average precision and accuracy for most of the elements were
determined by repeated analyses of the SARM-1 (granite) and SARM-
4 (norite) international rock standards, and are in the range 5–10%
relative. Mineral analyses were performed by electron microprobe
analyses with a JEOL JXA-8200 SuperProbe and by EDS in a SEM, at
the University of Huelva (Appendix A). In both cases a combination of
silicates and oxides was used for calibration.

4.2. U–Pb SHRIMP zircon analyses

Eight samples were selected for geochronological studies. Samples
8072, 8076, 8078, 8079, 8080 and 8081 were analyzed in a SHRIMP II
machine at the Chinese Academy of Geological Sciences (Beijing
SHRIMP Center), and samples 8075 and 8077 were analyzed in the
SHRIMP IIe/mc at the IBERSIMS Lab (University of Granada, Spain).
Zircon separation was accomplished at the University of Huelva by
traditional techniques using dense liquids and magnetic (Franz)
separation. Selected crystals free of impurities and fractures were
selected by handpicking with a binocular lens. Analytical procedures
from both SHRIMP labs are described in Appendix B.

5. Intrusive units: field relations and petrography

In order to follow a systematic description, the rocks were initially
classified by field and petrographic criteria based on Kfs content and
mafic mineralogy. Subsequently, this provisional classification was
corrected using chemical and mineralogical criteria that in general
terms follow the QAP classification scheme. According to the Frost et al.
(2001) classification scheme, the intrusive units are of magnesian-type
and evolve along a typical calc-alkalic series (Fig. 3). According to a
combination of chemical and mineralogical criteria, together with field
relations, four intrusive units have been distinguished (Fig. 2b). As
mentioned above, these are (1) the Ampiza tonalite, (2) the Cueva del
Chacho granodiorite, (3) the San Cristóbal granite and (4) the Palanche
pluton. Mafic igneous rocks present in the Palanche pluton and San
Cristóbal granite are described separately.

5.1. Ampiza tonalite

The Ampiza tonalite has been described in the southeastern flank of
the SVB. It had preliminary been considered as a facies of the Palanche
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pluton (Bellos, 2005), but its petrographic and geochemical features
strongly suggest that it is a different plutonic body. The contacts with
the Palanche pluton and San Cristóbal granite are inferred in the maps
(Fig. 2). They are dark gray, equigranular and medium-grained
tonalites. The mineral assemblage is Pl + Qtz + Bt + Ap ± Kfs ± Aln.
They are characterized dominantly by the presence of Bt, together
with prismatic allanite of up to 1.5 mm, surrounded by a mantle of
epidote.

5.2. Cueva del Chacho granodiorite

These rocks outcrop in the SW tip of the SVB (Fig. 2). This intrusive
body had been considered, like the Ampiza tonalite, as a facies of the
Palanche pluton. They are pinkish-gray, porphyritic with 15–20 vol.% of
reddish microcline megacrysts of up to 2–3 cm. To the north the
percentage of megacrysts decreases and the contact with the Palanche
pluton appears to be transitional. Granodiorites are medium to coarse-
grained, xenomorphic to hypidiomorphic with the dominant association
of Qtz + Pl (andesine) + Kfs (microcline) + Bt + Amp+ Ttn+ Ap+
Zrn+Mag± Aln.

Some crystals have signs of solid state deformation such as ondulouse
extinction in Qtz, feldspars with deformed twins and kink folds and
myrmekites in the Kfs–Pl contact. Biotite has Mg-number average of
0.50 and AlIV ranging between 2.49 and 2.63 a.p.f.u. (atoms per formula
unit). It is classified as eastonite mainly. Biotite is associated with opaque
minerals. Titanite and brown prismatic Aln, sometimes surrounded by a

image of Fig.�3
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Fig. 5. Field relations of granitoids fromPalanche pluton and themafic rocks (a)magmatic enclave digested by the granitoid; (b) and (c) dismemberedmafic bodies in the Palanche pluton;
(d) and (f) mingling between mafic rocks and the host granitoid, generating rocks with different degrees of hybridization.
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mantle of pistacite, are associated with Bt. A feature of this facies is that
the Amp is very scarce and is only found occasionally as small irregular
and dismembered crystals.

5.3. San Cristóbal granite

It is a granitic body that covers an area of 35 km2 at the
southeastern tip of the batholith (Fig. 2). Its contact with the Palanche
pluton is inferred. It consists of equigranular to slightly porphyritic
Bt-monzogranites, syenogranites and subordinate granodiorites.
The mineral assemblage of this pluton is Kfs (microcline) + Pl
(oligoclase–andesine) + Qtz + Bt + Mag ± Ms ± Grt. The granites
are calc-alkaline, weakly- to moderately peraluminous. Zones of
the San Cristóbal granite, Palanche pluton and the Ampiza tonalite
were affected by shear zones that formed the Southern shear-zone
Fig. 4. Photomicrographs from samples of Palanche pluton, (a) plagioclase cumulates in grano
clusters; (e) hornblende cluster in granodiorite; (f) inclusion of biotite in hornblende in gran
(h) euhedral crystals of hornblende included in plagioclase in granodiorite.
(Faja Milonítica Sur), which has a NNW–SSE strike and extends
from the southeast of the batholith towards the northwest beyond
the study area. The shear zone consists of mylonites and protomylonites,
with minor superimposed cataclasites (López et al., 2006; Bellos et al.,
2010).

5.4. Palanche pluton

The Palanche pluton covers an area of ca. 200 km2, extending
towards the north, beyond the study area (Fig. 2). It consists of
biotite–hornblende granodiorites and tonalites, together with
minor biotite-monzogranites. Two textural facies have been
recognized: one is equigranular and the other is slightly
porphyritic. Mineral associations are very similar in both facies,
although with modal variations. In the central part of the pluton,
diorite; (b) hornblende cumulates in granodiorite; (c) and (d) hornblende and magnetite
odiorite; (g) euhedral crystals of hornblende included in microcline in granodiorite; and

image of Fig.�5


Table 2
Major (wt.%) and trace element (ppm) composition of representative samples from the Velasco batholith.

Location Palanche pluton Palanche (leucogranites) Cueva del Chacho granodiorite Palanche
(enclaves)

Sample ref. 7006 6945 7486 8072⁎ 8078⁎ 8079⁎ 8075⁎ 8076⁎ 6951 7000 7009 7013 6785 6786 6962 8081⁎ 8080⁎ 8077⁎

Rock type Tn Grd Pph Gr Tn Grd Mz Gr Mz Mz Sy Mz Mz Pph Grd Pph Grd Grd Pph Gr Hy Tn

SiO2 65.72 66.14 71.39 63.04 68.07 66.90 64.34 76.23 75.22 74.03 70.84 73.1 67.27 65.95 72.51 67.95 58.42 74.28
TiO2 0.67 0.64 0.41 0.48 0.55 0.60 0.74 0.23 0.20 0.24 0.45 0.22 0.56 0.69 0.32 0.60 0.90 0.21
Al2O3 15.77 15.43 14.27 17.23 14.76 15.07 16.19 12.34 13.10 13.30 13.91 13.66 14.95 15.38 13.8 14.97 16.70 13.20
FeOt 4.30 3.99 2.40 4.57 3.57 3.91 4.80 1.47 1.25 1.49 2.97 2.04 3.50 4.45 2.09 3.65 6.22 1.21
MgO 1.63 1.37 0.82 1.72 1.27 1.61 1.93 0.36 0.36 0.46 0.76 0.30 1.28 1.63 0.53 1.45 3.63 0.30
MnO 0.13 0.09 0.06 0.28 0.13 0.08 0.11 0.04 0.03 0.04 0.09 0.02 0.08 0.12 0.04 0.10 0.15 0.04
CaO 4.25 3.85 2.69 5.30 3.12 3.71 4.20 1.57 1.38 1.62 2.40 1.27 2.81 3.22 1.93 3.07 6.23 1.43
Na2O 3.38 3.16 3.07 4.55 2.49 2.31 2.77 1.82 2.70 2.66 2.94 2.63 3.15 3.30 2.65 2.54 2.46 2.09
K2O 3.16 3.39 4.02 0.98 3.82 3.71 2.58 4.97 5.42 5.17 4.41 5.03 4.06 3.42 4.99 3.89 2.73 5.78
P2O5 0.20 0.17 0.10 0.24 0.15 0.17 0.24 0.06 0.04 0.06 0.10 0.07 0.15 0.19 0.08 0.16 0.26 0.05
Loi 0.68 0.42 0.70 0.48 0.74 0.92 1.14 0.44 0.32 0.57 0.46 1.56 0.76 0.93 0.82 0.66 1.03 0.62
Total 100.4 99.09 100.2 98.86 98.67 98.99 99.04 99.53 100.2 99.79 99.64 100.1 98.94 99.75 99.99 99.03 98.73 99.20
Mg#a 0.40 0.38 0.38 0.40 0.39 0.42 0.42 0.30 0.34 0.36 0.31 0.21 0.39 0.39 0.31 0.41 0,51 0,31
ASIb 0.94 0.97 1.00 0.95 1.06 1.03 1.08 1.10 1.02 1.03 1.00 1.13 1.02 1.02 1.04 1.07 0.91 1.07

Trace elements
Li 19.92 22.79 20.05 11.50 22.21 16.00 11.69 14.19 17.45 14.22 19.51 25.23 36.27 19.88 32.67 20.30 21.82 39.09
Be 2.71 3.43 2.24 3.77 1.69 1.65 1.16 1.15 2.40 2.48 1.72 2.16 12.75 2.95 2.40 1.88 1.73 1.88
Sc 16.10 13.01 6.98 107.3 12.68 10.05 2.37 1.94 1.63 2.34 7.48 2.01 7.23 8.90 2.88 9.65 20.80 13.37
V 95.04 83.65 44.54 92.90 61.31 79.90 18.83 18.86 17.54 25.14 26.95 30.76 76.45 56.88 42.90 59.93 147.3 70.71
Cr 69.85 58.85 30.76 27.41 39.24 23.79 27.84 13.80 43.40 52.22 48.32 73.14 24.94 12.14 33.01 20.85 75.27 32.08
Co 27.40 28.70 21.80 24.14 20.94 20.82 30.59 24.35 29.14 28.72 20.88 22.44 44.26 21.34 29.87 22.48 26.48 28.28
Ni 13.83 9.83 10.04 10.92 8.32 11.79 9.68 8.10 8.61 12.91 6.91 10.15 11.85 8.07 10.68 7.47 34.52 15.71
Cu 13.33 10.87 4.82 23.34 7.21 12.18 3.15 2.92 3.01 3.66 2.75 4.60 6.66 4.55 5.10 8.36 19.21 16.59
Zn 65.70 61.48 41.10 74.19 48.32 45.26 20.49 25.97 23.44 28.65 62.24 24.81 53.36 46.01 28.33 46.10 66.54 54.43
Ga 35.66 50.64 41.03 20.41 13.44 13.14 12.27 9.92 27.79 29.25 28.88 34.39 53.27 29.64 47.22 13.06 14.99 16.60
Rb 92.84 119.6 115.6 38.14 86.07 74.29 123.09 90.75 124.9 166.7 88.72 156.5 128.1 69.35 159.8 108.2 73.81 110.3
Sr 148.2 176 143.8 125.6 129.1 133.7 90.86 91.36 82.41 122.7 107.9 91.2 149.2 110.1 116.7 154.9 163.9 157.1
Y 41.24 24.66 22.97 144.3 44.68 24.91 8.96 7.43 3.49 19.70 14.66 9.37 14.63 17.65 11.43 18.27 17.33 21.66
Zr 65.51 54.09 41.25 94.75 58.13 58.95 224.7 44.03 68.97 40.4 41.09 84.86 50.44 38.53 63.8 58.49 55.65 110.1
Nb 17.90 12.82 12.55 19.89 13.25 9.41 3.48 4.46 2.70 9.54 8.10 4.28 12.22 8.66 6.02 7.67 8.53 8.16
Cs 2.58 4.50 2.85 1.53 2.47 2.38 1.62 2.69 2.92 2.89 2.28 9.05 3.37 2.51 5.31 3.10 1.77 4.23
Ba 592 887.7 841.2 79.71 848.8 749.6 467.9 558.9 433.3 525.4 517.7 583.9 957.4 618.2 1012 1015 576.1 404.5
La 31.51 49.61 47.27 30.59 39.53 34.94 28.80 46.91 38.78 26.30 43.17 38.96 45.80 27.48 45.57 47.66 31.55 36.89
Ce 75.65 93.93 92.50 83.85 91.31 72.12 57.39 86.29 69.85 51.66 81.38 68.17 87.33 57.15 78.83 95.13 66.24 71.67
Pr 10.93 12.05 12.23 12.99 10.81 8.06 5.73 8.48 7.74 6.45 9.82 7.50 9.74 7.45 9.08 9.88 7.47 7.63
Nd 41.41 43.53 42.82 62.57 42.63 31.04 19.33 27.47 23.55 22.94 35.21 23.66 30.70 27.25 29.13 35.36 28.83 27.87
Sm 8.85 7.93 7.23 21.04 9.49 6.41 2.76 3.61 2.72 4.41 5.61 3.08 4.21 5.14 4.13 5.90 5.44 5.13
Eu 1.94 1.95 1.73 1.27 1.46 1.39 0.75 1.05 0.91 1.05 1.30 0.69 1.39 1.22 1.35 1.47 1.44 1.42
Gd 8.70 6.99 5.87 19.79 8.06 5.39 1.95 2.35 1.67 3.99 4.71 2.30 3.38 4.53 3.11 4.60 4.37 4.40
Tb 1.46 1.03 0.87 3.36 1.23 0.83 0.27 0.31 0.18 0.66 0.66 0.29 0.47 0.68 0.40 0.63 0.64 0.65
Dy 8.62 5.46 4.63 24.38 7.71 4.77 1.42 1.53 0.70 3.73 3.50 1.52 2.54 3.69 2.03 3.26 3.46 3.60
Ho 1.86 1.10 0.96 5.23 1.63 0.99 0.26 0.27 0.14 0.82 0.66 0.33 0.57 0.78 0.43 0.70 0.71 0.77
Er 5.09 2.83 2.66 13.21 4.22 2.55 0.81 0.75 0.40 2.29 1.70 0.98 1.67 2.09 1.26 2.01 1.89 2.05
Tm 0.72 0.40 0.41 1.58 0.56 0.38 0.13 0.13 0.08 0.36 0.22 0.15 0.30 0.29 0.21 0.34 0.30 0.31
Yb 3.77 2.30 2.57 8.57 3.49 2.30 0.77 0.86 0.50 2.26 1.26 1.06 2.25 1.61 1.41 2.10 1.86 1.92
Lu 0.59 0.36 0.43 1.21 0.51 0.35 0.14 0.14 0.12 0.37 0.18 0.20 0.44 0.25 0.25 0.36 0.29 0.27
Ta 2.52 2.31 2.42 2.32 2.05 1.61 2.93 1.80 2.22 2.99 1.51 1.74 3.29 1.81 2.47 2.09 1.45 2.17
W 158.8 166.9 151.2 n.a. n.a. n.a. n.a. n.a. 121.6 164.2 130.6 131.4 241.3 133.3 178 n.a. n.a. n.a.
Hf n.a. n.a. n.a. 2.17 0.90 1.05 1.14 0.60 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.98 0.90 0.83
Pb 18.91 17.78 20.76 15.78 16.68 15.04 23.25 18.25 26.67 32.65 18.50 23.22 21.26 11.33 21.38 16.19 10.03 11.69
Th 13.39 19.91 21.45 8.14 10.15 9.58 25.72 13.12 18.81 28.95 17.91 26.09 30.38 11.06 17.86 13.85 5.14 9.18
U 3.48 3.90 3.81 1.29 1.29 1.58 1.38 1.62 1.88 3.65 1.26 1.71 3.01 2.37 1.90 2.10 0.82 0.98

Tn: Tonalite, Gr: Granite, Grd: Granodiorite, Mz: Monzogranite, Sy: Syenogranite, Hy: Hybrid mafic rock, Pph: Porphiric, n.a.: not analyzed.
a Mg#=Mol MgO / (MgO+ FeO).
b ASI =Mol Al2O3 / (Na2O + K2O+ CaO).
⁎ Samples selected for geochronological study.

266 L.I. Bellos et al. / Gondwana Research 27 (2015) 258–280
the rocks are porphyritic granodiorites, whereas in the western
flank equigranular tonalites dominate with minor proportion of
granodiorites. Monzogranites are scarce and they are associated
to granodiorites in the central part of the pluton. Porphyritic
granodiorites are pinkish gray to white-gray, with pale-pink to
white microcline megacryts (5–10 vol.%) of up to 1.5 cm. The
percentage of megacrysts decreases towards the western flank to
values below 5 vol.%, becoming the composition predominantly
tonalitic. The rocks are normally hypidiomorphic, medium grained
with the dominant association of Qtz + Pl + Kfs + Bt + Amp.
Accessory phases are Ttn, Aln, Ap, Zrn, Mag, Py and Rt. Some crystals
have signs of solid state deformation such as ondulouse extinction in
Qtz and Pl with incomplete twins and kink folds. Early cumulates of Pl
are present in some samples (Fig. 4a), with composition ranging from
An26 to An51 with an average of An38. In the tonalites, Kfs (microcline)
is absent or interstitial, whereas in the more acid rocks it occurs as
poikilitic crystals with deformed twins, myrmekites and fine pertites
andmay have inclusions of Pl andAmp. Biotite andAmpoccur as cluster
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Fig. 6. Silica variation diagrams (Harker) plotting granitoids and mafic enclaves of the southern part of the Sierra de Velasco batholith. Light blue squares in the background are data from Peninsular Range batholith in North America after Lee et al.
(2007).
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calc-alkaline series of the Sierra de Velasco batholith show the typical depletion in Nb
and Ti and enrichment in Ba, Rb, Th and K that characterize arc setting magmatism.
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together with Mag (Fig. 4b–e). Biotite has Mg-numbers varying from
0.45 to 0.56 and AlIV ranging between 1.49 and 2.90 a.p.f.u. (atoms per
formula unit). Biotite is occasionally included in Amp (Fig. 4f).
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Fig. 8. Tectonic discrimination diagrams (Pearce et al., 1984). Green circles are the dated samples of the Palanche pluton. Light blue squares in the background are data from Peninsular
Range batholith in North America after Lee et al. (2007).
Amphibole occurs in variable proportions and is absent in
monzogranites. It is classified (Leake et al., 1997) as magnesio-
hornblende and tschermakite and occasionally as edenite. The Mg-
number varies from 0.47 to 0.67 and Si between 6.36 and 6.72
(a.p.f.u.). Amphibole is subhedral to anhedral. Amphibole may occur
as inclusions in Pl and Mc (Fig. 4g, h). Zircon and apatite occur as
inclusions in Bt and Amp. Opaque minerals (Mag and Py) and Ttn are
associated with Amp and Bt. Allanite is occasionally present.
Fig. 9. Chondrite-normalized (Sun and McDonough, 1989) REE plots. The Palanche pluton sho
negative Eu anomaly, and a strong fractionation of REE, with exception of one of them,which ha
to the other granitoids, but aremore depleted inHREE. Samples of theAmpiza tonalite have vari
Cueva del Chacho granodiorites have both positive and negative Eu anomaly. Two samples of S
The three samples show similar patterns of LREE but one of them shows a low LREE/HREE frac
pluton, but the patterns are very similar with gentle slopes of the LREE, and flat patterns of the
Intrusive stocks and dykes of leucogranites have been recognized in
the Palanche pluton. They are white to redish, medium-grained,
leucocratic rocks with the mineral assemblage Qtz, perthitic Kfs, Pl, Bt
(siderophyllite), Zrn and Ap.

5.5. Mafic igneous rocks

Mafic igneous rocks are present in the Palanche pluton and
San Cristobal granite as isolated magmatic enclaves, dismembered
bodies showing mingling relationships and late dykes. Diorite, Qtz-
diorite and tonalite compositions are dominant. Magmatic enclaves
are ovoid, ranging in size from several centimeters to one meter.
Contacts with the host granitoid can be either sharp or diffuse,
occasionally connected to Bt schlieren. They are dark gray with
equigranular texture (Fig. 5a).

As it is reported in many calc-alkaline plutons, the same mineral
association is present in enclaves and host granitoid, but in different
proportions (e.g., Zorpi et al., 1989; Tepper and Kuehner, 2004;
Barbarin, 2005). The common mineral association is Pl (andesine) +
Qtz + Bt + Ttn + Ap+ Zrn± Kfs (as myrmekites) ± Amp. Plagioclase
is present in two populations of different size. The larger crystals show a
subhedral habit and have an internal ring, which is rich in inclusions.
Quartz is generally interstitial, but it is also found as large embayed
xenocrysts with corroded edges, surrounded by Amp in coronitic
textures. Biotite is always present whereas Amp is more variable and
forms clots. Titanite is associated with these mafic minerals. The
elongated shape and the absence of textural evidence of deformation in
the solid state in the enclaves suggests that they were deformed by
magmatic flow (Vernon et al., 1988). Diffuse contacts, coronitic textures
ws negative Eu anomaly, compatible with feldspar fractionation. The leucogranites have
s positive anomaly and a higher LREE/HREE fractionation. The patterns for LREE are similar
able negative Eu anomalies and a strong fractionation of the LREE in one of the samples. The
an Cristóbal granite show negative Eu anomaly and another one shows positive anomaly.
tionation. In general, the San Cristóbal granite is more depleted in REE than the Palanche
HREE. See text for further details.
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and amphibole clots indicate that mafic enclaves could correspond to
basic magma pulses that entered into a partially crystallized magmatic
chamber (Tobisch et al., 1997).

Large mafic bodies (N100 m) are not found in the Palanche pluton, in
contrast with other areas of the I-type Lower Ordovician granitic belt,
such as the western part of the Sierra de Famatina (e.g., Aceñolaza et al.,
1996) and the Sierra de Valle Fértil (e.g., Baldo et al., 1999; Otamendi
et al., 2009a,b; Castro et al., 2014). Dismembered mafic bodies
with sizes up to 10 m are present in some parts of Palanche pluton
(Fig. 5b, c). Sometimes they show mingling with the host granitoid,
generating rocks with different degrees of hybridization (Fig. 5d, e).
The hybrid rocks are gray granodiorites to dark diorites, fine- to medium
grained and inequigranular. The mineral association is Qtz + Pl +Mc+
Bt (eastonite mainly) + Ttn + Ap+ Zrn± Amp (magnesio-hornblende
and tschermakite). Amphibole clots and coronitic quartz are often present
indicating a mechanical interaction between a partially crystallized
granitic magma and basic magma (Zorpi et al., 1989; Castro et al., 1990;
Hibbard, 1991). Finally, dark-gray, fine-grained, equigranular mafic
rocks are also present occasionally as late dykes showing sharp contacts
with the host granitic rocks. The presence of these mafic dykes may be
associated with pegmatite veins.

6. Whole rock chemistry

A total of 18 samples were analyzed for major and trace elements. Of
these 12 correspond to the Palanche pluton (including 4 samples of
leucogranites), 4 to the Cueva de Chacho granodiorite and 2 are enclaves
in the Palanche pluton, one of these is mafic and the other is tonalitic.
Analyses of these samples are listed in Table 2 and their location
is given in the map of Fig. 2b. In addition,10 samples of Palanche pluton,
2mafic enclaves, 2 samples of the Cueva del ChachoGranodiorite, 2 of the
Ampiza Tonalite and 7 of the San Cristóbal granite after data by Bellos
(2005), Bellos et al. (2010) and Grosse et al. (2011) are projected in the
diagrams.

6.1. Major elements

According to the Frost et al.'s (2001) classification scheme, the
intrusive units are of magnesian-type (Fig. 3a) and evolve close to the
boundary separating calcic and calc-alkalic series according to
Peacock's alkali-lime index (Fig. 3b). The Palanche pluton is composed
of mostly metaluminous (alumina saturation index: ASI b 1) tonalites,
granodiorites and less abundant monzogranites. The other units
and the leucogranites have moderate peraluminosity (1 b ASI b 1.2;
Table 2). They plot very close to typical Cordilleran granitoid batholiths
(Fig. 3).

The granitoids of the Palanche pluton (including the leucogranites)
show a wide compositional range (≈60–75 wt.% SiO2) and an ASI
index varying from 0.81 to 1.13. In the Harker diagrams (Fig. 6) all the
analyzed rocks, but particularly those of the Palanche pluton, show a
linear continuous trend. A negative correlation is found against silica for
oxides FeO, MgO, Al2O3, TiO2 and CaO. With respect to alkalis, K2O has a
positive correlation, although with greater dispersion than the rest of
the oxides, whereas Na2O shows a nearly flat pattern. These trends are
indicative of a general evolution in relation to magmatic differentiation.
The Harker trends are almost coincident with data from the typical
Cordilleran Peninsular Range batholith (Fig. 6), with only appreciable
differences in the alkalis: the Velasco rocks, with the exception of the
two samples of the Ampiza tonalite, are clearly richer in K2O and poorer
in Na2O compared with this Cordilleran batholith.

6.2. Trace elements

Regarding trace elements, samples of the SVB are characterized
by low Sr contents (90–250 ppm) and low Sr/Y ratios (Sr/Y b 12, only
one sample has Sr/Y N 12). In general, all samples of the calc-alkaline
series of the SVB show the typical depletion in Nb and Ti and
enrichment in Ba, Rb, Th and K, characteristic of arc settings (Fig. 7).
A distinctive feature of the Velasco rocks is the depletion in Sr and P
(Fig. 7) in comparison with typical continental arc andesites (red line
in Fig. 7, after averaged values given by Kelemen et al. (2003)). Also
interesting to note is the position of the Velasco rocks in the Nb–Y and
Ta–Yb diagrams (Pearce et al., 1984, Fig. 8). With respect to Ta–Yb,
they plot outside the field of VAG (Volcanic Arc Granites), because
relative enrichment in Ta.

Chondrite-normalized (Sun and McDonough, 1989) REE plots are
shown in Fig. 9. The Palanche pluton shows negative Eu anomaly (Eu/
Eu* ~ 0.45–1.30, average= 0.63), compatiblewith feldspar fractionation,
and LaN/YbN ratios (N denoting chondrite-normalized values) in the
range of 1.50–23.30 (average 9.19). The leucogranites have negative Eu
anomaly (Eu/Eu* average= 0.78), and a strong fractionation of REE
(LaN/YbN average= 19.77) with exception of one of them, which has
positive anomaly and a higher LREE/HREE fractionation. The patterns
for LREE are similar to the other granitoids, but are more depleted
in HREE. Samples of the Ampiza tonalite have variable negative Eu
anomalies (Eu/Eu* = 0.44–0.92) and a strong fractionation of the LREE
in one of the samples. The Cueva del Chacho granodiorites have both
positive and negative Eu anomaly (Eu/Eu* = 0.77–1.16) and LaN/
YbN = 12.24–23.24. Two samples of San Cristóbal granite show negative
Eu anomaly (Eu/Eu* = 0.38–0.91) and another one shows positive
Eu anomaly (Eu/Eu* = 1.42). The three samples show similar patterns
of LREE but one of them shows a low LREE/HREE fractionation (LaN/
YbN = 6.83). In general, the San Cristóbal granite is more depleted
in REE than the Palanche pluton, but the patterns are very similar with
gentle slopes for the LREE, and flat patterns of the HREE.

7. SHRIMP zircon ages

7.1. U–Th–Pb geochronology results

Eight samples were selected for the geochronological study.
Morphological features of zircons in all samples are very similar, and
we can group them in two types: simple prismatic crystals with
concentric oscillatory zoning and simple elongated zircons with
parallel-banded zonation, being the first type more abundant. U–Pb
ages show a long-lived process of 45 Ma for the batholith building,
ranging from 485 to 440 Ma. Older ages (500–520 Ma) are found,
possibly related to Pampean orogeny (Drobe et al., 2009; Martino
et al., 2009). Location of samples is given in Fig. 2b. Analytical results
are listed in Table 3. Concordia diagrams and representative zircon
crystals from each sample are shown in Fig. 10.

Of all samples for geochronology, six were collected in an area of
the Palanche pluton at the Quebrada del Manzano (Fig. 2b). The area
shows complex relations between granitic facies of the pluton and
heterogeneous mafic rocks. These field relations were described
above. Geochronologic relations are shown here.

7.1.1. Sample 8072: western flank (29° 47′43,7″–67° 08′ 00,5″)
It is a Hbl–Bt tonalite, the dominant assemblage is Qtz + Pl + Hbl +

Bt +Mc+ Ttn+ opaque. Zircon and apatite are accessory minerals.
Plagioclase (An26–34, 65 vol.%) forms subhedral to anhedral (2–4 mm
length), sometimes slightly zoned crystals. It is altered to sericite,
kaolinite, calcite and epidote (pistacite and less clinozoisite). Quartz
(18 vol.%) is anhedral and interstitial. Hornblende (14 vol.%, #Mg=
0.54–0.67) occurs as subhedral to anhedral crystals with small
inclusions of opaque minerals. Biotite (2 vol.%, #Mg= 0.52–0.53)
is subhedral with irregular edges. It is sometimes associated with
hornblende and altered to chlorite. Mafic minerals have a size of up
to 2 mm. Small titanite crystals (b1 vol.%) are present associated to
hornblende. Zircons from this sample are simple, euhedral and large
crystals (100–250 μm). They mostly show concentric zonation and
inherited cores are not identifiable. The concordant group of ages



Table 3
SHRIMP U–Pb–Th analytical data of zircons.

Spot f206 ppm U ppm Th Th/U ppm 206Pba 207Pb*/206Pb* ± % 206Pb*/238U ± % 207Pb*/235U ± % 207Pb/206Pb age ± 206Pb/238U age ± % disk.

8072: Tonalite
1.1 0.69 372 416 1.15 22 0.0586 4.9 0.0681 1.5 0.550 5.1 551 110 425 6 23
2.1 0.41 373 51 0.14 22 0.0600 2.1 0.0676 1.3 0.560 2.4 605 45 422 5.1 30
3.1 1.02 373 45 0.12 23 0.0870 6.7 0.0703 1.5 0.843 6.9 1360 130 438 6.3 68
4.1 0.72 264 188 0.74 16 0.0621 4.1 0.0718 1.3 0.615 4.3 676 88 447 5.6 34
5.1 0.85 239 150 0.65 16 0.0592 3.5 0.0761 1.4 0.621 3.8 575 77 473 6.3 18
6.1 0.11 502 682 1.40 33 0.0581 1.3 0.0754 1.2 0.604 1.8 532 28 469 5.6 12
7.1 0.43 576 638 1.14 38 0.0562 2.3 0.0754 1.2 0.585 2.6 462 50 469 5.5 −1
8.1 1.87 252 316 1.30 16 0.0587 7.7 0.0735 1.4 0.594 7.8 554 170 457 6.3 18

8075: Granite
1.1 0.37 398 318 0.82 26 0.0570 1.1 0.0764 0.9 0.600 1.5 490 24 475 4.1 0.6
3.1 0.59 243 43 0.18 16 0.0592 0.7 0.0777 0.7 0.635 1.1 576 16 482 3.1 3.4
4.1 0.38 228 259 1.17 15 0.0589 0.9 0.0763 1.5 0.620 1.8 564 20 474 6.8 3.2
5.1 0.12 370 253 0.70 24 0.0586 0.7 0.0765 0.5 0.618 0.9 552 16 475 2.3 2.8
6.1 0.33 228 109 0.49 15 0.0586 1.0 0.0772 0.8 0.624 1.3 554 22 479 3.6 2.6
6.2 0.68 402 190 0.48 27 0.0578 1.6 0.0772 0.4 0.615 1.7 521 35 480 1.7 1.4
7.1 0.08 485 146 0.31 33 0.0591 1.9 0.0772 1.0 0.629 2.1 572 41 479 4.4 3.2
8.1 0.41 718 516 0.74 47 0.0586 1.2 0.0760 0.6 0.613 1.4 552 25 472 2.9 2.8
9.1 0.56 156 196 1.29 11 0.0603 2.1 0.0781 1.3 0.649 2.5 614 46 485 6 4.6
10.1 0.49 967 848 0.90 63 0.0600 0.3 0.0751 0.3 0.621 0.5 603 6 467 1.4 4.8
13.2 1.06 479 143 0.31 31 0.0593 0.8 0.0758 0.5 0.620 1.0 578 17 471 2.4 3.8
15.1 0.24 767 608 0.81 51 0.0586 0.6 0.0765 1.1 0.619 1.3 553 13 476 5.1 2.8
16.1 0.37 549 521 0.97 36 0.0581 1.0 0.0756 0.7 0.605 1.3 532 22 470 3.1 2.2
17.1 0.59 260 317 1.25 17 0.0588 0.2 0.0754 0.3 0.611 0.5 560 4 469 1.5 3.2
18.1 0.67 299 297 1.02 19 0.0590 0.4 0.0752 0.5 0.612 0.7 568 8 468 2.3 3.6
19.1 0.33 319 523 1.68 20 0.0593 0.8 0.0759 1.3 0.621 1.5 578 18 472 5.7 3.8
22.1 0.19 758 467 0.63 50 0.0584 0.9 0.0762 0.4 0.613 1.1 545 20 473 2 2.6

8076: Monzogranite
1.1 0.88 330 203 0.64 22 0.0545 4.5 0.0755 1.3 0.568 4.7 393 100 469 6 −19
2.1 0.49 585 317 0.56 38 0.0559 1.9 0.0760 1.2 0.586 2.3 449 42 472 5.5 −5
3.1 0.70 403 229 0.59 27 0.0557 2.8 0.0759 1.3 0.583 3.1 442 63 472 5.7 −7
4.1 1.49 228 136 0.62 15 0.0539 8.3 0.0726 1.4 0.539 8.4 367 190 452 6.2 −23
5.1 1.36 306 481 1.63 20 0.0555 6 0.0767 1.3 0.588 6.2 434 130 477 6.1 −10
6.1 0.81 462 630 1.41 31 0.0555 3.3 0.0782 1.5 0.599 3.6 434 74 485 6.8 −12
7.1 0.31 784 717 0.95 57 0.0572 1.4 0.0844 1.3 0.665 1.9 499 30 522 6.4 −5

8077: Tonalite
1.1 0.69 290 241 0.85 19 0.0577 0.8 0.0751 0.7 0.598 1.2 520 19 467 3.3 1.8
1.2 0.42 260 186 0.73 17 0.0571 0.3 0.0763 0.4 0.601 0.6 496 7 474 1.6 0.8
2.1 0.36 481 455 0.97 32 0.0564 0.9 0.0759 0.4 0.590 1.0 468 20 472 1.9 −0.2
3.1 0.28 567 453 0.82 36 0.0575 1.0 0.0741 1.1 0.587 1.5 511 21 461 4.7 1.8
4.1 0.11 490 293 0.61 32 0.0574 1.5 0.0744 2.2 0.589 2.7 508 34 462 9.7 1.6
5.2 0.58 319 287 0.92 21 0.0583 1.9 0.0768 0.8 0.618 2.1 542 42 477 3.9 2.4
6.1 0.26 246 153 0.64 16 0.0577 1.4 0.0749 1.6 0.596 2.1 517 30 466 7.2 1.8
8.1 0.97 271 202 0.77 18 0.0600 1.0 0.0765 0.8 0.633 1.3 604 21 475 3.7 4.6
9.1 0.10 175 266 1.56 11 0.0591 0.2 0.0751 0.8 0.611 0.9 570 5 467 3.7 3.6
9.2 −0.13 157 58 0.38 10 0.0592 0.9 0.0748 0.8 0.611 1.2 576 19 465 3.7 4
10.1 0.43 384 452 1.21 25 0.0584 1.0 0.0742 1.7 0.598 2.0 546 22 461 7.5 3
11.1 0.26 428 330 0.79 28 0.0574 1.1 0.0768 0.4 0.607 1.2 505 24 477 1.9 1
11.2 0.11 897 606 0.69 58 0.0579 0.6 0.0750 0.4 0.598 0.8 525 12 466 1.6 2
12.1 0.58 532 890 1.72 35 0.0591 0.3 0.0756 0.8 0.616 0.9 570 5 470 3.4 3.6
13.1 0.29 276 327 1.22 18 0.0580 1.3 0.0759 1.4 0.607 1.9 531 29 471 6.3 2.2
14.2 0.33 930 1017 1.12 59 0.0593 0.7 0.0736 0.6 0.602 1.0 578 15 458 2.7 4.2
15.2 0.50 266 39 0.15 17 0.0592 1.9 0.0750 0.7 0.612 2.0 574 41 466 3 3.8
16.1 0.13 1140 880 0.79 75 0.0575 0.7 0.0758 0.7 0.601 1.1 510 16 471 3.2 1.4
17.1 0.16 1191 238 0.2 79 0.0569 0.5 0.0771 0.7 0.605 0.9 487 10 479 3.4 0.2
18.1 0.42 448 395 0.9 29 0.0565 0.9 0.0749 0.8 0.583 1.3 471 21 466 3.6 0.2
18.2 0.19 378 292 0.79 25 0.0578 0.7 0.0759 1.2 0.605 1.4 521 15 472 5.5 1.8
19.1 0.20 335 91 0.28 22 0.0571 1.6 0.0754 1.1 0.594 2.0 494 36 469 5 1
20.1 0.39 560 515 0.94 36 0.0578 0.7 0.0743 0.9 0.592 1.2 522 15 462 4.1 2.2
21.1 0.31 490 159 0.33 32 0.0567 0.9 0.0758 0.8 0.593 1.2 481 20 471 3.5 0.4
21.2 0.21 1030 228 0.23 66 0.0575 0.4 0.0737 1.3 0.584 1.4 510 9 458 5.7 1.8
23.1 0.29 752 564 0.77 49 0.0564 0.5 0.0756 0.7 0.588 0.9 469 10 470 3.1 0
24.1 0.17 679 406 0.61 45 0.0568 0.7 0.0767 0.3 0.600 0.8 482 15 477 1.4 0.2
25.2 1.52 180 67 0.38 12 0.0576 1.6 0.0757 1.3 0.601 2.1 514 36 470 6.1 1.6
26.1 0.76 262 153 0.6 17 0.0588 1.3 0.0762 1.0 0.617 1.6 558 28 473 4.4 3
26.3 0.33 328 191 0.6 21 0.0580 0.4 0.0734 0.4 0.587 0.7 530 9 457 2 2.6

8078: Granodiorite
1.1 0.96 283 189 0.69 17 0.0614 5.3 0.0696 3 0.589 6.1 652 110 434 13 33
2.1 1.36 350 294 0.87 22 0.0567 7.7 0.0710 1.6 0.556 7.9 482 170 442 6.7 8
3.1 1.65 402 529 1.36 25 0.0553 7.3 0.0715 1.3 0.545 7.4 425 160 445 5.5 −5
4.1 3.07 152 80 0.54 9 0.0587 9.7 0.0700 1.5 0.567 9.8 556 210 436 6.3 21
5.1 0.66 524 531 1.05 32 0.0567 2.6 0.0710 1.2 0.555 2.9 480 57 442 5.2 8

(continued on next page)
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Table 3 (continued)

Spot f206 ppm U ppm Th Th/U ppm 206Pba 207Pb*/206Pb* ± % 206Pb*/238U ± % 207Pb*/235U ± % 207Pb/206Pb age ± 206Pb/238U age ± % disk.

6.1 2.02 253 284 1.16 16 0.0564 7.4 0.0711 1.3 0.553 7.5 467 160 443 5.8 5
7.1 0.88 402 260 0.67 25 0.0606 2.8 0.0709 1.3 0.593 3 626 60 442 5.4 29

8079: Monzogranite
1.1 1.21 198 182 0.95 13 0.0564 4.9 0.0745 0.8 0.580 5 467 110 464 3.6 1
2.1 0.62 207 118 0.59 14 0.0587 2.9 0.0775 1.1 0.627 3.1 556 63 481 5 13
3.1 0.96 346 58 0.17 23 0.0555 3.3 0.0755 0.6 0.577 3.4 431 74 469 2.7 −9
4.1 0.62 412 180 0.45 27 0.0558 2.7 0.0762 0.6 0.586 2.8 445 60 473 2.8 −6
5.1 1.09 351 97 0.29 23 0.0546 3.9 0.0764 0.6 0.575 3.9 395 86 475 2.7 −20
6.1 1.18 381 49 0.13 25 0.0564 7 0.0758 0.7 0.589 7.1 467 160 471 3.2 −1

8080: Hybrid mafic rock
1.1 0.81 404 60 0.15 26 0.0561 2.5 0.0728 2.2 0.563 3.3 455 57 453 9.5 1
1.2 0.17 412 295 0.74 26 0.0562 1.5 0.0724 2.1 0.561 2.6 461 34 451 9.3 2
2.1 0.16 362 72 0.21 24 0.0553 1.5 0.0759 2.2 0.578 2.6 424 33 471 9.8 −11
3.1 0.54 137 107 0.81 9 0.0543 3.6 0.0731 2.3 0.547 4.3 383 82 455 10 −19
4.1 0.10 424 48 0.12 30 0.0569 1.3 0.0817 2.2 0.641 2.6 487 29 506 11 −4
5.1 0.58 234 272 1.20 15 0.0532 3.1 0.0745 2.2 0.546 3.8 336 69 463 9.8 −38
6.1 0.71 282 44 0.16 20 0.0567 3 0.0834 2.2 0.652 3.7 480 67 516 11 −8
7.1 0.09 673 528 0.81 48 0.0564 1.1 0.0832 2.1 0.647 2.4 467 25 515 11 −10
8.1 0.53 304 139 0.47 19 0.0547 3.2 0.0735 2.4 0.555 4 401 71 457 11 −14
9.1 0.14 883 586 0.69 55 0.0558 1.1 0.0724 2.1 0.556 2.4 442 24 451 9.2 −2

8081: Granite
1.1 0.13 721 120 0.17 47 0.0553 1.1 0.0750 2.1 0.572 2.4 426 24 466 9.6 −9
2.1 0.23 345 250 0.75 22 0.0542 1.9 0.0742 2.2 0.554 2.9 378 44 461 9.6 −22
3.1 0.42 217 146 0.70 14 0.0560 2.3 0.0756 2.2 0.583 3.2 452 51 470 10 −4
4.1 0.47 277 254 0.95 18 0.0540 2.6 0.0740 2.3 0.551 3.5 372 58 460 10 −24
5.1 0.41 251 175 0.72 17 0.0536 2.4 0.0766 2.2 0.566 3.2 354 54 476 10 −34
6.1 0.27 429 332 0.80 28 0.0564 1.6 0.0761 2.4 0.591 2.9 466 35 473 11 −1
7.1 0.25 228 220 1.00 17 0.0569 2.5 0.0842 2.2 0.661 3.3 489 54 521 11 −7
8.1 0.81 176 151 0.89 11 0.0539 4.4 0.0744 2.2 0.553 4.9 366 99 463 10 −26

f206= (common 206Pb) / (total measured 206Pb) based on measured 204Pb.
Pb* indicates the radiogenic portion.
Samples 8075 and 8077: errors are at 95% confidence interval.
Samples 8072, 8076, 8078 to 8081: errors are 1-sigma.

a Common Pb corrected using measured 204Pb.

8078: Granodiorite
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(4 analyses) give206Pb/238U ages between 473 ± 6.3 and 457 ± 6.3 Ma,
yielding a concordia age of 468 ± 8.5 Ma (MSWD= 1.5). Other 4
analyses show younger ages (between 447 ± 5.6 and 422± 5.1 Ma)
and high discordance percentages (N20%).

7.1.2. Sample 8075: Quebrada del Manzano (29° 42′ 46″–67° 07′ 56,3″)
This sample is a coarse grained granite composed of Qtz + Pl + Kfs +

Bt + Ep and Mag, Mn-Ilm, Ttn and Zrn as main accessory phases.
Plagioclase (An47–43) appears as subhedral grains with quartz and
K-feldspar, with albite rims in contacts. Biotite (#Mg= 0.38–0.40) is
present in clots with accessory phases or as subhedral individual grains
with quartz, plagioclase and K-feldspar. Epidote, magnetite and Mn-
ilmenite appear often grouped as inclusions in main phases and biotite
clots. Selected zircons from this sample are mainly medium–large
euhedral crystals (80–180 μm) with concentric oscillatory zoning.
Inner and external areas of zircons have been analyzed (17 spots)
yielding 206Pb/238U ages between 485 ± 6 and 467 ± 1.4 Ma and a
concordia age of 472 ± 2.9 Ma (MSWD= 0.74).

7.1.3. Sample 8076: Quebrada del Manzano (29° 42′46″–67° 07′ 56,3″)
This sample is a medium-grained monzogranite. It is composed

of Qtz + Pl +Mc+ Bt + Ttn + Aln. Quartz (37 vol.%) forms anhedral
and very irregular crystals of up to 3.5 mm. Plagioclase (An29–37,
21 vol.%) is anhedral to subhedral and sometimes it is partially included
in quartz or microcline. Plagioclase is slightly zoned and its size is of up
to 3.5 mm. Microcline (39 vol.%) forms anhedral crystals of up to 5 mm
length and may contain inclusions of plagioclase, biotite and quartz.
Biotite is very scarce (2 vol.%, #Mg= 0.42–0.52) forming anhedral
crystals sometimes chloritized and with inclusions of rutile needles.
Titanite and allanite, opaques, zircon and apatite are accessoryminerals,
mostly included in biotite. This sample contains simple, euhedral
zircons. They are large crystals (150–300 μm) with concentric or
parallel-banded zoning. A main group of analyses (5 analyses) gives
206Pb/238U ages between 485 ± 6.8 and 469 ± 6 Ma and yields a
concordia age of 474 ± 5.4 Ma (MSWD= 0.6). A simple parallel-
banded zircon gives an older age (522 ± 6.4 Ma) and the external
area of a simple crystal yields the youngest age (452 ± 6.2 Ma).
7.1.4. Sample 8077: Quebrada del Manzano (29° 42′ 46″–67° 07′ 56,3″)
This sample is a mafic tonalitic enclave in the sample 8076 and

is composed of Pl + Qtz + Bt + Hbl + Kfs + Ttn, with Mag, Ap and
Zrn as main accessory minerals. Plagioclase (An59–53) appears as
subhedral to anhedral grains associated with quartz and microcline or
as large zoned crystals with a rim of secondaryminerals, and inclusions
of biotite and hornblende. It has been altered to sericite, kaolinite,
calcite, pistacite and clinozoisite. Quartz forms abundant and irregular
grains ofminor size than plagioclase.Microcline is scarce and interstitial
and sometimes is perthitic or presents myrmekites in their contacts.
Biotite (#Mg=0.51–0.48) is more abundant than hornblende and is
present as subhedral grains, sometimes chloritized. Hornblende crystals
(#Mg= 0.52–0.48) appear grouped in clots with magnetite and
titanite; the latter also forms interstitial crystals between plagioclase.
Selected zircon crystals are medium–large (100–250 μm), simple and
euhedral crystals. They mostly show concentric oscillatory zoning,
where several growing phases are distinguishable. Some of these zircon
rims yield ages that differ variousmillion years from those of inner areas
(i.e. zircons 1, 11 and 21, Table 3). Thirty concordant analyses give
206Pb/238U ages between 479 ± 3.4 and 457 ± 2 Ma and yield a
concordia age of 470 ± 2.5 Ma (MSWD= 0.92).
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7.1.5. Sample 8078: Quebrada del Manzano (29° 42′46″–67° 07′ 56,3″)
This sample is amedium-grained Bt-Hbl granodiorite. It is composed

of Qtz + Pl +Mc+ Bt + Hbl + Ttn. Plagioclase (An36–40, 33 vol.%) is
anhedral and its crystallization is later than that of hornblende (edenite
and ferro-edenite), biotite and titanite, and occupies spaces between
these minerals. Microcline (15 vol.%) forms anhedral crystals of size
very variable from interstitial to large crystals (up to 5 mm). Sometimes
it is perthitic and may have myrmekites around the edges. Quartz
(34 vol.%) forms anhedral and very irregular crystals. Biotite (15 vol.%,
#Mg= 0.50–0.56) is present as anhedral to subhedral crystals,
whereas hornblende (3 vol.%, #Mg= 0.47–0.57) is anhedral and usually
associatedwith biotite. Titanite, opaques, zircon and apatite are accessory
minerals. Zircons from this sample are mainly simple, elongated and
parallel banded crystals, with a lower proportion of concentric zoned
zircons. Ages are between 445± 5.5 and 436 ± 6.3 Ma and give a
concordia age of 442 ±5.1 Ma (N= 6, MSWD= 0.5).

7.1.6. Sample 8079: Quebrada del Manzano (29° 42′46″–67° 07′ 56,3″)
This sample is a Bt–Hbl monzogranite. It is composed of Qtz + Pl +

Mc+ Bt + Hbl + Ttn. Plagioclase (An41, 41 vol.%) is anhedral to
subhedral and slightly zoned. Microcline (27 vol.%) forms anhedral
crystals of up to 5 mm, sometimes it is perthitic and may show
myrmekites around the edges. It contains inclusions of plagioclase,
biotite and quartz. Quartz (18 vol.%) forms anhedral and very irregular
crystals. Biotite (12 vol.%, #Mg= 0.33–0.42) is present as anhedral to
subhedral crystals whereas hornblende (1 vol.%, #Mg= 0.52–0.53) is
anhedral and usually associated with biotite. Prismatic allanite, titanite,
Fig. 10. Concordia U–Pb diagrams for the eight studied samples. Error ellipses for data points in
Light colored ovoids are analyses excluded to obtain the mean concordia ages. A representativ
beside the concordia diagrams. Spots' location and their resulting 206Pb/238U ages (Ma) are ind
opaques, zircon and apatite are accessory minerals. Zircons from this
sample are mostly euhedral, simple crystals with concentric oscillatory
zoning. Discontinuous cores or recrystallization areas are scarce.
Six analyses give 206Pb/238U ages between 481 ± 5 and 464 ± 3.6 Ma,
yielding a concordia age of 472 ± 3.2 Ma (MSWD= 1.3).

7.1.7. Sample 8080: Quebrada del Manzano (29° 42′46″–67° 07′ 56,3″)
This is a hybrid mafic rock formed by abundant crystals of

plagioclase (An43–46), biotite and hornblende, quartz as little grains or
large xenocrysts and scarce potassic feldspar. Two different sizes of
plagioclase crystals are present (38 vol.%). The biggest (3–5 mm) is
subhedral and zoned, some of them have a ring of inclusions and
alterationminerals. They have abundant inclusions of biotite, hornblende
and are very altered to pistacite, clinozoisite and sericite. Small and
subhedral to anhedral crystals (0.25–1 mm) are also present in the
rock. Quartz is abundant (43 vol.%) and forms anhedral little crystals or
large xenocryst (up to 5 mm) surrounded by biotite, hornblende and
less plagioclase. K-feldspar (4 vol.%) is present as poikilitic, perthitic and
anhedral crystals that form a pavement between other minerals. Biotite
(10 vol.%, #Mg= 0.49–0.53) and hornblende (1,5 vol.%, #Mg= 0.60–
0.67) are associated. Anhedral to subhedral grains of titanite are present
(3.5 vol.%). Zircon crystals from this sample are mainly simple, euhedral
crystals with concentric or parallel banded zoning. A few crystal cores
are distinguishable, however they show the same ages and continuity
with the external areas of zircons. A main group of analyses gives 206Pb/
238U ages between 457± 11 and 451 ± 9.2 Ma. We found older ages in
this sample: three analyses give ages between 515 and 505 Ma, and
the Concordia diagrams are 68.3% confidence limits, including the error from the standard.
e selection of cathode luminiscence images of analyzed zircons in each sample is shown
icated. Data are given in Table 3. Scale bars are 100 μm.

image of Fig.�10
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other two yield 206Pb/238U ages of 471 ± 9.8 Ma and 463± 9.8 Ma. Age
variations have no relation with the morphological types or spot
location.206Pb/238U ages between 470 and 450Ma yield a concordia age
of 456 ± 7.1 Ma (N= 7, MSWD= 0.74).

7.1.8. Sample 8081: Cueva del Chacho (29° 58′ 26″–67° 04′ 59″)
This sample is a porphyritic Bt–Hbl granodiorite. The matrix is

composed of Qtz + Pl + Bt + Hbl + Ttn. Microcline forms megacrysts
of up to 3–4 cm but it is very scarce in the matrix (4 vol.%) and its size
is of up to 6 mm.Myrmekites are present in the contactwith plagioclase
crystals. Plagioclase (An38–47, 38 vol.%) is anhedral to subhedral and
forms large crystals of up to 3 mm. Quartz (43 vol.%) forms anhedral
and very irregular crystals of up to 4 mm. Biotite (10 vol.%, #Mg=
0.45–0.54) is present as subhedral crystals whereas hornblende
(1.5 vol.%) is anhedral and associated with biotite. Titanite, opaques,
zircon and apatite are accessory minerals mostly included in biotite.
Selected zircons from this sample are large (150–300 μm), euhedral
crystals with mostly concentric oscillatory zoning and few acicular
parallel banded zircons. A main group of analyses gives 206Pb/238U
ages between 460 ± 10 and 476 ± 10 Ma, yielding a concordia age of
464 ± 9.2 Ma (N= 7, MSWD= 1.3). A large, simple and parallel
banded zircon gives an older age (522 ± 6.4 Ma).

8. Discussion

Age relations are reporting that part of the rocks forming the SVB
corresponds to intrusion of magma pulses that were separated in time
by several Ma (Fig. 11). Intrusive contacts and relations between granites
and mafic rocks in the outcrops of Quebrada del Manzano are in
agreement with age determinations and support a protracted process of
multipulse injection and amalgamation in the construction of the
batholith. However, gradual transitions between granitoid facies are also
observed across the intrusive bodies, denoting that in-situ differentiation
also was an operative process at the site of final emplacement. Criteria
to distinguish multipulse from in-situ fractionation are discussed here
through a combination of ages and geochemical relationships.

8.1. Deep pulses or in-situ fractionation

Evidence about the existence of protractedmagmapulses in building-
up the batholith is provided by field relations and contacts between
intrusive rocks of the Quebrada del Manzano outcrops (Figs. 12 and
2b). Four samples of distinct facies yield very similar concordia ages
ranging from 474 ± 5 to 470 ± 2Ma, with differences within error.
Furthermore, the patterns shown by the probability density distribution
of U–Pb zircon ages (Fig. 11) are similar. These samples can be considered
coeval, genetically linked and, thus, the fractionation process as produced
in-situ, or at least produced at the time of emplacement in a possibly
deeper magma reservoir. The significant number of analyses clustered
between 470 and 474 Ma in these samples allows us to suggest that
this age corresponds to a major event in the protracted building of the
batholith, probably related to the main emplacement stage for the facies
comprising Quebrada del Manzano.

However, many U–Pb SHRIMP ages yielded in most samples of Sierra
de Velasco batholith are not within analytical error of mean calculated
ages, implying that they represent different zircon crystallization ages,
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Fig. 11. Geochronological sketch of the Sierra de Velasco batholith. Figure is assembled with the relative probability histograms of each sample, which include the probability density
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e.g., sample 8077, where zircon ages are between 479± 3 and 457±
2Ma.

New insights in the knowledge of composite batholiths and sequential
emplacement of magmas in the crust, combined with geochronological
and thermo-numerical studies (e. g. Coleman et al., 2004; Miller et al.,
2011; Paterson et al., 2011; Díaz-Alvarado et al., 2013), suggest the
presence of high grade domains in the middle-lower crust over long
Fig. 13.Major-element plots showing cotectic and non-cotectic variations found in granitoids o
theplane F (Fe +Mg+Mn)–An (Anorthite)–Or (Orthoclase). (c) Plot of theK# (=molar K2O /
diagrams, the red line represent the composition of cotectic liquids traced by extrapolation of e
(b)) at 300 MPa (Castro et al., 2013). Red dashed lines represent 20 and 40mass% of assimilated
for further details.
periods of time, during the sequential emplacement and building of the
large batholiths, and favoring the existence of large magma chambers
composed of crystal mush and a significant liquid percentage. In the
Sierra de Velasco batholith, the repeated occurrence ofmagmatic contacts
between pulses and facies point out the existence of processes of
continuous recharge and re-mobilization of melts, besides fractionation
processes in the emplacement level. Thus, this results in the presence of
f the Sierra de Velasco batholith. (a) CaO–MgO diagram. (b) Pseudoternary projection onto
(K2O+ CaO) againstMgO. (d)Multicationic A–Bdiagram(Debon and Le Fort, 1983). In all
xperimental data on a water-bearing (2.5 wt.% water) andesite system (large blue star in
pelite, calculated bymass balance from four separated points of the cotectic trend. See text
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ancient Famatinian zircons with other younger ones, or both ages in a
single zircon (e.g., sample 8077: zircons 11 and 21), i.e., samples with
more than 20Ma ranges; pulses with younger ages (e.g., sample 8081)
and the almost complete absence of solid-state deformation or intrusive
contacts throughout the batholith. This interpretation requires that the
distinct granitic sheets remained in amagmatic state for very long periods
(N5Ma), able to become rejuvenated by successive intrusions (Díaz-
Alvarado et al., 2013).

Regarding the mafic rocks at the Quebrada del Manzano, field
relations clearly indicate synplutonic intrusion of heterogeneous
diorites into the host granodiorite. Among the field evidences is
the presence of back-veining (see white arrows in Fig. 12a) clearly
supporting the presence of a residual liquid in the host granodiorite
and, thus, the magmatic nature of the host. Most of U–Pb ages obtained
in the diorite sample (8080) are between 450 and 460 Ma, in agreement
with the intrusive relations that they show in relation to the host
granodiorite, which concordia age yields 472 ± 6 Ma, but containing
zircons 15 Ma younger than those clustered around mean ages. This
time difference of about 15 Ma between both magmatic systems
would be in conflict with this interpretation whether the host granite
was a solid rock, and not a magma, 15 Ma elapsed from magma
emplacement to the arrival of the new mafic pulse. A possible
explanation is that the mafic magma intruded into a granodiorite host
composed by a crystal mush and a significant percentage of residual
melt. The intrusion induced remobilization of remnant granitic melts
and probably locally re-magmatization. These melts are back-veined
into the partially crystallized intruding diorite. Melting of the host
granodiorite is favored by fluids released from the crystallizing mafic
body in which the abundance of magmatic amphibole revealed the
high water content of this mafic magma. Finally, the whole complex is
intruded by a new pulse at 442± 5Ma crosscutting magmatic flow
structures associated to the diorite intrusion.

8.2. Cotectic and non-cotectic trends

A debated topic about calc-alkaline granite rocks concerns the
possibility that granitoids represent either liquids fractionated from a
parental intermediate magma of broadly diorite composition or, by
contrast, they represent magmas formed by partial melting of crustal
sources. In the latter possibility, the high content Fe and Mg of the
magmas (“maficity”) can be explained by the inclusion of suspended
mafic material (entrained restites) from the source (e.g., Clemens
et al., 2011); with the consequent reduction of magma temperature
(T b 900 °C) if maficity is not an essential part of the liquid. By contrast,
if maficity is considered to be an intrinsic feature of the silicate liquid,
the implication is that high temperatures (N1000 °C) are required to
make these Fe- and Mg-rich liquids stable at crustal pressures.
Consequently, whether rock compositions represent liquid systems or
not, is a central part of the discussion about the origin, crustal or not,
of calc-alkaline granite batholiths.

If magmas are produced by fractionation from a parental mafic
magma, they will follow cotectic patterns in major-element geochemical
variation diagrams. By contrast, trends produced by variable entrainment
of restitic material from the source or any other type of mechanical
separation of liquid and crystals will produce rectilinear, non-cotectic,
trends as those reported from “cumulative granites” of the Lachlan fold
belt in Australia (Chappell and Wyborn, 2004), formed by incomplete
separation of restite and melt, and those reported from the Stepninsk
pluton in the Urals (Bea et al., 2005). Other cases of non-cotectic
geochemical variation have been reported as resulting from bulk
assimilation of country rocks (Díaz-Alvarado et al., 2011).

Comparison with experimental melts from systems of intermediate
composition (andesitic or dioritic) reveals that most samples of the
Palanche pluton are arranged along geochemical trends that can be
compared with cotectic liquids. We refer these patterns as cotectic lines
of liquids (CLL; Castro, 2013) and not as liquid lines of descent (LLD) as
early defined by Bowen (1928). The difference is that liquids aligned
along a cotectic pattern represent liquid batches, whose compositions
are in equilibrium with a saturating solid assemblage at different
temperatures (cotectic). They may differ from liquids that are derived
by fractional crystallization from a magma. We prefer to use the term
cotectic lines of liquid to refer to equilibrium compositions and not
fractionated liquids.

Most samples of the Palanche tonalite–granite series fall on the
cotectic lines of the F–An–Or pseudoternary projection (Fig. 13). Mafic
enclaves plot in the area of andesites and close to the parental andesite
system used in experiments with cotectic liquids referred above
(blue star in Fig. 13b). These enclaves and dismembered mafic bodies
may represent the parental magmas of the Palanche cotectic trends.
Inset in Fig. 13b represents hypothetical phase equilibria, as based
on experimental assemblages and melt compositions. These fairly
reproduce the mineralogy and textures of Palanche granitoids with
peritectic reactions from Px to Hbl and Hbl to Bt. Note that several
samples of the Palanche series with compositions ranging from
MgO= 1.0 to 1.5 wt.%, together with samples of the Cueva del
Chacho granodiorite, depart from the cotectic line, pointing to the
field of country rocks, in this case represented by greywackes of the
Puncoviscana Neoproterozoic sediments. Enrichment in MgO and K2O,
coupled with increasing alumina saturation index (parameter A in
Fig. 13d), are proofs of local contamination with pelitic country rocks.
For comparative purposes, the S/I transitional granites of the SVB
(Grosse et al., 2011) are plotted in the diagrams, showing that they
result of bulk assimilation of pelitic material (yellow star in Fig. 13) by
magmas similar to the calc-alkaline cotectic trend of Palanche. Samples
richer in K2O and poorer in CaO (CaO b 1.0 wt.%, molar K# N 0.8) of
the transitional series may represent either assimilation by the
more evolved terms of the cotectic series or incomplete unmixing
between anatectic melts and restitic minerals from the pelitic source
(Fig. 13a, c). The rest of the transitional samples are clearly contaminated.

9. Conclusions

The southern tip of SVB is excellent scenery to study the build-up of
batholiths in general and the Sierra de Velasco in particular. Most
samples of the Palanche pluton are arranged along geochemical trends
that can be compared with cotectic liquids, traced from experimental
liquid compositions of calc-alkaline (andesitic) systems. Mafic enclaves
and dismembered bodies, present in abundance in the granitoids, may
represent the parental magma of the Palanche cotectic trends: an
intermediate system of andesite composition (SiO2 N 55 wt.%) with
initial water content of about 2.5 wt.% H2O as maximum.

Local assimilation of country rocks produced non-cotectic trends
characterized by enrichment in MgO and K2O, coupled with increasing
alumina saturation index.

The field and age relations of the tonalite–monzogranite series of
the Palanche pluton indicate that uniform processes of melting and
fractionation were operative for at least 40 Ma. Several pulses of
magma were in-situ fractionated at about472 Ma, and intruded later
by mafic rocks (456 Ma), under magmatic conditions in the host
granitoids. The magmatism continued until at least 442 Ma, when a
new pulse intruded into the oldest rocks.
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